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Lipid bicontinuous cubic phase is fundamentally interesting phase. Initially it is considered as an 
intermediate structure between lamellar and hexagonal phases due to its small phase space and complicated 
structure. With the development of structure characterization technologies, especially X-ray diffraction, it 
is found that this intermediate structure has cubic symmetry, and can be categorized into several different 
space groups including Diamond (Pn3m), Primitive (Im3m), and Gyroid (Ia3d). The lipid bicontinuous 
cubic phases thus have three-dimensional symmetry, high surface area per volume, and highly ordered pore 
and membrane network. As the building block of the cubic phases is lipid bilayer, it is also possible to 
incorporate both hydrophilic and hydrophobic molecules of interest in the bulk cubic phase system. The 
structural characteristics of bicontinuous cubic phases have been utilized for protein crystallization and 
sensing applications. Lipid bicontinuous cubic phases also have a fusogenic property due to its resemblance 
of the fused structure. A simple argument by Helfrich on membrane elasticity and thermodynamics can 
rationalize that the lowered free energy cost of fused bilayer structure formation is the source of the 
fusogenic property. 
Lipids have been used as a cellular delivery material for more than decades due to its nontoxicity and 
resemblance of vesicle transport systems in the cell, such as exosome. Primary formulation of lipid based 
delivery system is vesicle, called liposome. By modulating lipid composition in the liposome formulation, 
drug release kinetics can be optimized. There are few drug delivery systems based on liposome which 
already have obtained FDA approval and commercialized. However, its low efficiency compared to virus 
based delivery system still limits their cellular delivery potential. Membrane charge density is another 
important parameter that affect cellular delivery efficiency. In general, positively charged liposomes have 
more chance to fuse with endosomal membrane via Coulombic attraction. The increase of fusion events 
leads to higher delivery efficiency, however, induce higher toxicity with negatively charged cells. In this 
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regards, new strategy or formulation of lipid based structure is in great needs for futuristic nanomedicine 
fields. 
Utilizing lipid bicontinuous cubic phase can be a solution for low efficiency issue in liposomal cellular 
delivery system. The challenge, however, is lied on making sub-micrometer lipid particles with internal 
bicontinuous cubic phase. Current cubosome formulation methods can be classified as top-down and 
bottom-up approach. Top-down approach fragments bulk lipid bicontinuous cubic phase system into 
particles via sonication or homogenization. Naturally, random shear stress and more than enough energy 
are delivered to the system, and produce polydisperse particles with some portion of liposomes. The size 
distribution of sonicated lipid particles is found to follow Weibull extremal probability distribution. 
Bottom-up approach, on the other hand, is more controlled method. In general lipids in volatile solvent are 
mixed with large amount of water, producing emulsions. Upon evaporation of volatile solvent, lipids in 
emulsion assemble into cubosomes. The resultant cubosomes are still polydisperse, typically have bigger 
than 0.1 polydispersity index due to the initial broad emulsion size distribution. 
Here we approach the cellular delivery strategy with structural understanding. Specifically, topologically 
active cubic phase particles are prepared via both low-temperature sonication and improved bottom-up 
approach. The demonstration of cellular delivery is performed with siRNA as delivery material. When 
delivering nucleic acid materials via lipid based vehicles, it was found that the efficiency limiting step is 
the endosomal escape process. As endosomal escape process is governed by membrane fusion event, siRNA 
delivery efficiency can represent fusion efficiency. Throughout the study, we show internal structure 
engineering is also an important designing handle for efficient cellular delivery. Based on the structural 
understanding, we also introduce topology trigger delivery system where cubic phase system can be 
transformed into hexagonal phase with spatiotemporal control. This novel phase trigger delivery system is 
investigated in bulk phase system for its feasibility. 
Lastly, we also report an important finding about lipid self-assembly. We found a simple methodology 
that produce bicontinuous cubic phase with extremely large unit cell parameter. The combination of 1. 
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Charged lipid 2. PEGylated lipid and 3. Cubic phase forming lipid are capable of forming highly charged 
lipid domains that induce super-swelling. Upon incubation for 6 weeks at room temperature, we also found 
the super-swelled cubic phase becomes a single crystal exceeding volume of 1 mm3. The unit cell dimension 
is well-beyond the previous predictions and theories. We also show demonstration of encapsulation of large 
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Lipid is amphiphilic fatty acid derivatives that can self-assemble into various phases including lamellar 
phase, hexagonal phase, and bicontinuous cubic phase depending on its molecular shape1,2. (see figure 1.1) 
Lamellar phase is a stack of lipid membranes that can be found in the cell wall. The strong solvophobic 
effect from alkyl tail parts of lipids is a main driving force of the assembly, and the source of resilient 
property of the membrane. 
 
The lipid bicontinuous cubic phase is one of the thermodynamically stable lipid assembly structures3. 
There are three common bicontinuous cubic phases; gyroid, primitive, and diamond cubic phase (Ia3d, 
Im3m, and Pn3m space group, respectively). Mathematically the lipid bicontinuous cubic phases can be 
approximated by series of periodic minimal surface which divides the space into two separated water 
channels. The bicontinuous cubic phase has several structural advantages including isotropic material 
exchange and fusogenic property due to its structural resemblance of the intermediate states in a membrane 
fusion process in the cell4–7. The exact mechanism of fusogenic property is still not known, but membrane 
Figure 1.1. Common lipid phase space. Packing parameter (p) is defined as the head group area (a) times tail 
length (l) divided by tail volume (v). Lipid assembly structure is determined by its packing parameter as shown in 





p>1 p=1 p<1/3 
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elasticity theory developed by Helfriche gives a good rationalization8. Unlike highly charged cationic 
liposomes, the bicontinuous cubic phases can fuse with endosomal membrane efficiently without increasing 
toxicity. Due to its strong fusogenic property and low toxicity, the bicontinuous cubic phase has been 
recently recognized as an effective vehicle for cellular delivery9,10. However, challenges on synthesizing 
nanometer scale particulates having bicontinuous internal structure limit the use of bicontinuous cubic 
phase in cellular delivery. 
Delivering therapeutic materials to target cells is as challenging as understanding cell’s complexity. The 
successful delivery requires long life time in vivo, targeting ability, and mechanism for the materials to 
escape from resilient lipid membrane11. Among these challenging barriers, escaping from resilient lipid 
membrane is often the bottle-neck of efficient cellular delivery process12. Once the delivery system is 
uptaken by cell, it is enclosed by resilient lipid membrane, endosome. If the system cannot escape from the 
endosome within certain time window, endosomes will mature into lysosomes that degrade the delivery 
system. There has been number of strategies devised to efficiently escape from endosomes including proton 
sponge effect13, antimicrobial peptide14,15, virus derived agents16, photochemical disruption17, and 
membrane fusion event18. 
Among other materials, lipid is one of the most promising delivery materials due to its nontoxicity. The 
challenge of lipid based delivery system, however, is that it has a poor membrane fusion efficiency9. 
Traditional solution to improve the membrane fusion efficiency is mostly relied on the incorporation of 
cationic lipid. The positively charged delivery particles have better chance to fuse with lipid membrane 
through electrostatic attraction, however it leads to nonspecific binding and increased cytotoxicity19. It is 
also reported that high membrane charge density has poor siRNA release kinetics20. Thus, the new 
mechanism of favorable membrane fusion event is in great need for successful design of lipid based cellular 
delivery system. Based on above discussions, here we aim to utilize lipid bicontinuous cubic phase on 
cellular delivery to maximize delivery efficiency while keeping low toxicity. Specifically, we engineer the 
internal structure of lipid based nanoparticles to efficiently deliver siRNA into cytosol. We chose siRNA 
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as model drug not only because it has great therapeutic potential, but also endosomal escape process is 
known as the efficiency limiting step12. Our approach is heavily based on structural understanding, and the 
key advance is the development of high quality bicontinuous cubic phase particles with and without siRNA. 
We believe the study described in this thesis enlighten the importance of topology engineering in cellular 
delivery. 
We studied both indirect chilled sonication (top-down approach) and microfluidics channel device 
(bottom-up approach) methods to produce nanoparticles with bicontinuous cubic structure, and found 
microfluidics channel approach can provide consistent, size controlled monodisperse cubic phase particles. 
Indeed, with the cubic phase particles, we confirmed a superior delivery efficiency over traditional 
liposomal formulation10. Furthermore, we designed a phase controlled delivery system that trigger phase 
transformation from cubic phase to hexagonal phase on demand wirelessly. With the hexagonal phase, we 
expect to see even more fusion events then a cubic phase delivery system. With this nanoscale device, we 
aim to underpin the topological effects on cellular delivery. Lastly, we found a surprising behavior of tri-
component lipid system we used for cellular delivery that breaks all the previous theoretical predictions on 
the unit cell size of lipid cubic phase. The super-swelled lyotropic single crystal was thoroughly 
characterized with small angle x-ray scattering and cryogenic transmission electron microscope. We believe 
that our efforts on engineering topology of cellular delivery system introduced a new handle for designing 
efficient cellular delivery systems. 
1.1. Objective 1: Fabrication of lyotropic bicontinuous cubic phase particles 
For bicontinuous cubic phase nanoparticle fabrication, there are two conventional approaches; top-down 
and bottom-up. The top-down approach has less size controllability and broader size distribution21 yet 
convenient and easy to follow. This approach utilizes random shear stress during sonication or 
homogenization. This random shear stress breaks the bulk cubic phase into smaller particles. Or it can be 
used to insert stabilizers into the systems for making unstructured particles which then becomes 
4 
 
bicontinuous cubic phase particles with heat treatment. On the other hand, bottom-up approach gives much 
better controllability on size and shape but it still yields broad size distributions. This approach is analogous 
with nanoprecipitation in the fields of nanomedicine and first introduced by Spice group in 200122. Lipids 
are dissolved in volatile solvent which is miscible with water. Lipid solution is then added into a large bulk 
water dropwise. Lipids in each drop will be precipitated into particles while the polarity of volatile solvent 
increase via water diffusion. Further heat treatment evaporates volatile solvent and delivers enough energy 
to each lipid to self-assemble into bicontinuous cubic phase particles. 
Despite of the great potential of bicontinuous cubic phase in cellular delivery, there are a limited number 
of researches have been done due to the challenges on making nanometer scale particles. Another challenge 
is the need of cryogenic imaging on structured lipid particles. For the detailed study on the particles, it 
needs to be seen by microscope techniques. Until one see the individual particles, it is hard to conclude that 
the sample is indeed composed of bicontinuous cubic phase particles.  A complementary technique, X-ray 
scattering, can give averaged structural information but it needs a synchrotron level quality which is not 
readily available for most of laboratories. Besides, even synchrotron X-ray cannot answer the questions 
such as: what fraction of particles in the sample has internal structure? This is solely due to the poor quality 
of bicontinuous cubic phase particles made of conventional methods. Recently, it is discovered that 
nanoparticle size and shape are important factor for cellular delivery process23,24. It can affect circulation 
life time in vivo, cellular uptake efficiency, blood plasma protein aggregation, etc. The low quality of 
bicontinuous cubic phase particle, which is highly polydisperse in terms of size and shape, is thus needs to 
be improved. 
1.2. Objective 2: Topological effects on endosomal escape 
The most fascinating feature of lipid bicontinuous cubic phase is not its complicated structure or beautiful 
symmetry, but its topological resemblance with intermediate structure during the membrane fusion event. 
To utilize its fusogenic property, there has been lots of efforts on making bicontinuous cubic phase particles 
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for cellular delivery. This strategy was indeed successful and increased delivery efficiencies were 
observed10,19.  
However, there was no detailed structural study on how therapeutic molecule or marker affects on lipid 
assembly structure and which step is affected by this bicontinuous cubic phase. As its structure is the single 
most important feature, structural study is necessary to have a fundamental understanding on topological 
effects. In 2013, Sahay et al., reported that siRNA delivery via lipid nanoparticle is limited by endocytic 
recycling12. Thus, siRNA delivery would be a great demonstration to show its topological effects on 
endosomal escape. 
Lipid based siRNA delivery is promising, but have critical challenge. Charged lipid content, the only 
fusion event modulator, also increases cytotoxicity and non-specific knockdown. The virus based delivery 
systems (viral vectors) showed incomparable efficiency, but most of clinical trials has failed due to its 
oncogenic and immune response problems. In 2010, Leal and coworkers introduced bicontinuous cubic 
phase as a siRNA delivery system9. The biggest benefit was its fusogenic property, thereby achieving high 
efficiency with low charged lipid contents which leads to a low toxicity. This was a great demonstration of 
bicontinuous cubic phase, but it lacks colloidal stability and detailed structural studies.  
In this regards, rational design of colloidally stable lipid bicontinuous cubic phase particles with siRNA 
is in great needs for not only efficient siRNA delivery for futuristic gene therapy but also fundamental 
understanding on topological effects on endosomal escape process.  
1.3. Objective 3: Light triggerable in situ phase controlled delivery system 
Stimuli-responsive delivery system is another promising field of bioengineering. The biggest benefit of 
the stimuli-responsive delivery is that the release of therapeutic substances can be spatiotemporally 
controlled. The successful treatment of diseases requires ideal pharmacokinetics profile where drug 
concentration is controlled within therapeutic window. Temporal control of release in stimuli-responsive 
delivery can satisfy this need. Also, to prevent unwanted release of drugs in normal tissues, it is desirable 
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to have spatial control of drug release. The spatial control of stimuli-responsive system can provide the 
solution that meets this need, eventually minimize side effects of drugs. There are different kinds of stimuli 
which are used to trigger drug release via irreversible morphological transition or dissociations. The widely-
used stimuli include light25, heat26, pH27, ultrasound28, magnetic fields29, and electric fields30.  
Another class of thermodynamically stable phase, inverse hexagonal phase (HII), is also an interesting 
phase because it has even higher fusogenic property and higher cytotoxicity4,20. It was suggested that the 
outer layer of the HII particles imposes energetic cost and contributes to the rapid fusion of the complex 
membrane with the cell plasma and endosomal membranes4. High fusogenic property thus observed 
independent of membrane charge density. Due to its strongest fusogenic property among different lipid 
phases, there has been some efforts made to utilize this phase as cellular delivery vehicle. At in vitro level, 
it was found that hexagonal phase showed highest delivery efficiency that comparable with viral vectors. 
However, inverted hexagonal phase also has the highest toxicity that already hampers its practical usage on 
cellular delivery. Another critical challenge was that it aggregates into macro scale particles when it is 
dispersed in blood plasma solution31. 
Here we aim to design a nanodevice to utilize such a strong fusogenic property of hexagonal phase. We 
synthesized small gold nanorods and incorporated into bicontinuous cubic phase particles. By irradiating it 
with near infrared laser, cubic phase particles are transformed into hexagonal phase in situ. This nanoscale 
device can eliminate the limiting factors of hexagonal phase, and maximize cellular delivery efficiency by 
combining advantages of stimuli-responsive system and structure engineering. The successful fabrication 
of this nanodevice would also allow us to understand topological effects in more detail, especially dynamic 
components of the fusion events. 
1.4. Objective 4:  Surprising findings: Super-swelled lyotropic single crystals 
Lastly, we also want to share our relatively recent finding (details are in chapter 5). It was surprising that 
the tricomponent lipid system we’ve used for five years has a special assembly feature at specific processing 
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condition. The regular lipid bicontinuous cubic phase has unit cell dimension of 10 nm in general. The 
addition of charged lipid, PEGylated lipid and/or cholesterol can increase the unit cell size through 
increasing repulsive force between lipid layers and increasing membrane rigidity. The biggest unit cell 
reported was 48 nm based on monoolein at elevated temperature (54 oC)32.  
In our super-swelled system, however, we accidentally made cubic phase with 68 nm based on monoolein. 
It was unbelievable result because previous elastic theory predicts there is swelling limit set by membrane 
fluctuation where it eventually vanishes the shear moduli as it swells. As far as we know, there is no 
theoretical work that predicts this large unit cell dimension.  
Second surprise was that it becomes a single crystal (>1 mm3) while maintaining its unit cell dimensions 
when it is stored for a long period of time. It was also found that the single crystal is not following 
nucleation-growth path from isotropic phase, but analogous to Ostwald-ripening process. The micro-
crystallites were somehow fused to become a larger crystal. The full spatial scattering information was 
obtained through synchrotron x-ray scattering and the orientation of single crystals were successfully 
determined. Also, cryo-EM image visualized the large cubic phase and confirmed the structural feature 
observed in scattering pattern. 
This exciting finding will broaden our fundamental understanding on self-assembly, in general. Once 
detailed physics regarding this phase is discovered, one can engineer the system in desired unit cell 
dimension for various applications including directed hard material assembly. Another promising field is 
bigger therapeutics delivery in which the size of therapeutics was limited by pore dimension of bicontinuous 
cubic phase. Lastly, this large cubic phase can be utilized in membrane protein structure analysis. The 
importance of membrane protein crystallization in meso method is increasing for protein structure solving, 
and have about 200 publications. The limiting factor of in meso method is the unit cell dimension, where 
the bicontinuous cubic phase lose its structural integrity thereby limiting protein’s structural information. 
The super-swelled cubic phase thus can broaden the protein lists for structure solving. 
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With various control experiments, we found that the swelling extent depends on solvent evaporation rate. 
Also, it was found that PEGylated and charged lipids are necessary components for super-swelling. We 
were not able to underpin the mechanism behind at this moment, but we have hypothesis about domain 
formation. We will pursue to elucidate the source of this super-swelled lyotropic single crystal with 







CUBOPLEXES: TOPOLOGICALLY ACTIVE siRNA DELIVERY 
 
Reprinted with permission from “Cuboplexes: Topologically Active siRNA Delivery”, Hojun Kim and 
Cecilia Leal, ACS Nano, 9, 10214 (2015). Copyright 2015 American Chemical Society. 
 
2.1. Introduction 
 The delivery of encapsulated exogenous drugs or genes to cells is a challenge that for decades has 
motivated the development of numerous delivery nanoparticles with diverse chemical and physical 
properties33–39. The general design principles for particulate materials intended for cellular delivery need to 
attain a number of challenging requirements: colloidal stability, superior encapsulation power, resilience in 
the circulation system, low cytotoxicity, specificity to the target site, as well as optimal tissue penetration 
and clearance pathways. Investigating the optimal size of nanoparticles has been the prime focus of 
designing cellular delivery systems24. In addition to size, the shape of nanoparticles has been recently 
identified as a handle to control cellular uptake rates and mechanisms23,40–43.  
 RNA interference (RNAi) therapy that can be achieved by the cytoplasmic delivery of siRNA leading 
to specific gene knockdown has recently experienced a revival44 due to remarkable improvements in 
potency and stability through chemical modification of the oligonucleotides themselves or through their 
packaging into nanoparticles, such as cationic liposomes. A specific example is the recent finding that 
siRNAs encapsulated in lipid-nanoparticles rapidly adapted to target Ebola viruses, protecting 100% of 
rhesus monkeys against lethal fate45. 
 The translation from in vitro to in vivo RNAi therapy has been the focus of many important 
developments17–20, but few attempts have succeeded to reach clinical trials50, mostly due to poor cell 
penetration and low durability of effects51. Crucial barriers to consider when designing siRNA delivery 
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nanoparticles are cellular uptake and efficient release into the cytoplasm. The main pathway for siRNA- 
nanoparticle delivery to the cell is via endocytosis, and nanoparticles have been designed to incorporate 
ligands that bind to receptors that activate endocytosis to enhance cell entry rate52. However, endocytosed 
nanoparticles must be able to escape endosomal entrapment before maturation of acidic late endosomes in 
addition to resisting clearance via endocytic recycling and exocytosis12. Clearly, controlling nanoparticle 
surface properties and endosomal release is vital for nanoparticle design for efficient siRNA encapsulation 
and delivery. 
 In this regards, the favorable fusogenic property of lipid bicontinuous cubic phase discussed in 
chapter 1 would be beneficial for efficient escape from the endosome. Traditional lipid based nanoparticles 
need to be positively charged to electrostatically trap siRNA, and a certain membrane charge density 
threshold has been identified as a requirement to ensure efficient endosomal escape4. However, protein 
aggregation, high cytotoxicity, and non-specific gene knockdown are caused from this level of membrane 
charge density. Thus, the different strategy to escape from endosome is in need and we aim to achieve this 
via topology engineering as originally studied by Leal and co-workers9. In this paper, we demonstrate our 
approach to generate, for the first time, PEGylated colloidally stable nanoparticles with high siRNA 
encapsulation power, containing low contents of positively charged species, and with the unique 
characteristic of having a highly ordered bicontinuous internal structure that results in topological-driven 
endosomal escape for efficient siRNA delivery.  
2.2. SAXS Study of Phase Space for Finding Optimum Lipid Compositions 
In this work, we used SAXS to systematically investigate the particle design space in terms of how a 
GMO-based cubic structure evolves with increasing amounts of added charged and colloidally stabilizing 
lipids with and without the presence of siRNA. Figure 2.1A displays the integrated SAXS data obtained for 
a ternary mixture of GMO/DOTAP/GMOPEG at fixed GMO-PEG composition (molar fraction: ΦGMO-PEG 
= 0.02) as a function of increasing amounts of DOTAP (ΦDOTAP). Increasing DOTAP content from ΦDOTAP 
11 
 
Figure 2.1. SAXS data obtained for the ternary mixture of GMO/DOTAP/GMO-PEG. (a) SAXS scans 
obtained for increasing amounts of DOTAP molar fractions (ΦDOTAP) at fixed GMO-PEG composition (ΦGMO-PEG 
= 0.02). Increased ΦDOTAP leads to phase evolution from primitive to gyroid, and eventually lamellar phase. (B) 
SAXS scans obtained for increasing amounts of GMO-PEG molar fractions (ΦGMO-PEG) at fixed GMO composition 
(ΦGMO = 0.95). Increase of ΦGMO-PEG in a few mol % leads to same phase evolution from primitive to gyroid, and 































































































































































































































































































= 0.01 to ΦDOTAP = 0.98 leads to the stabilization of three distinct equilibrium phases (two bicontinuous 
cubic phases and one lamellar phase). At low DOTAP composition (GMO/DOTAP/GMO-PEG (97/1/2)) 
with ΦDOTAP = 0.01, seven sharp peaks are found, at the reciprocal lattice vectors q/(2π/a) = Ghkl/(2π/a) = 
(h2 + k2 + l2 )1/2 = √2, √4, √6, √10, √12, √14, √18 corresponding to the [110], [200], [211], [310], [222], 
[321], and [411] reflections, respectively. These reflections are matched with a primitive 3D bicontinuous 
cubic structure with lattice spacing 𝑎QII
P
 = 186.7 Å  (space group Im3m, labeled QII
P  ). The peak indexes are 
completely satisfying the QII
P  structure rules: (i) (h + k + l) = 2n, (ii) 0kl (k + l = 2n), (iii) hhl (l = 2n), (iv) 
h00 (h = 2n), (v) hkl (k, l = 2n) (with h, k, l permutable and n is an integer)53. For pure GMO/water systems, 
one is accustomed to encounter bicontinuous cubic phases with either diamond Pn3m or gyroid Ia3d 
symmetry, depending on water content54. However, the inclusion of rather small, modified GMO lipid 
content with bulky head groups leads to the stabilization of the primitive Im3m bicontinuous cubic phases. 
This is observed, for example, in binary mixtures of GMO/GMO-Gd_DTPA (98/2 mol %)55. For the cases 
studied in this paper, a bulky GMO-PEG is included in all materials, and we found an analogous behavior. 
Increasing the amount of GMO-PEG from 1 to 2 mol % results in an expansion of the lattice spacing of the 
Im3m cubic unit cell. When the amount of DOTAP is increased to ΦDOTAP = 0.03, a second phase was 
obtained and eight sharp peaks are observed at q/(2π/a)=Ghkl/(2π/a) = (h2 + k2 + l2)1/2 = √6, √8, √14, √16, 
√22, √24, √38, and √50 corresponding to the reflections of [211], [220], [321], [400], [332], [422], [611], 
and [543]. Except for a few reflections that are convoluted with higher intensity peaks, all of the peaks are 
matched with a bodycentered gyroid cubic structure with the space group Ia3d, with 𝑎QII
G
  = 217 Å  (labeled 
QII
G). The peak indexes are completely satisfying the QII
G  structure rules: (i) (h + k + l) = 2n, (ii) 0kl (k, l = 
2n), (iii) hhl (2h + l = 4n), and (iv) h00 (h = 4n) (with h, k, l permutable and n is an integer). When the 
DOTAP composition increases to ΦDOTAP = 0.13, another phase emerges in coexistence with the Ia3d. This 
phase is assigned to a classic lamellar structure of lipid bilayers (Lα) with three Bragg reflections observed 
at q001 = 0.082 Å -1, q002 = 0.16 Å -1, and q003 = 0.24 Å -1 and a corresponding lattice spacing of 𝑎Lα = 77.1 Å . 
Interestingly, an inverse hexagonal phase that has been obtained for GMO/ DOTAP binary systems9 was 
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not observed here for the ternary GMO/DOTAP/GMO-PEG mixture at any composition. Instead, as the 
amount of DOTAP increased, the system switches from the cubic phase directly into a lamellar 
configuration. The bulky nature of the PEG unit (2 kDa) of the PEGylated GMO lipid might be hard to 
stabilize in 2D hexagonal systems of the reverse type, where water tubes are roughly just 5 nm in diameter. 
In order to understand how the addition of the PEGylated GMO-PEG lipid modulates the GMO-based cubic 
phase behavior, we fixed GMO at 95 mol % and varied GMO-PEG content of the GMO/DOTAP/ GMO-
PEG ternary mixture. We observed that very small increments of added GMO-PEG (1 mol %) have a 
dramatic impact on the phase behavior. Figure 2.1B shows the SAXS scans obtained for a system at ΦGMO 
= 0.95. The addition of 1 mol % of GMO-PEG yields a well-ordered QII
P  phase. However, at 2 mol % of 
GMOPEG, the QII
P  is transformed into the QII
G . The lattice spacing of the QII
P  phase is considerably smaller 
than that in the QII
G  phase (𝑎QII
P
 = 160 Å  and 𝑎QII
G
 = 217 Å ). The inclusion of GMO-PEG with a bulky PEG 
unit pushes the unit cell of the QII P phase to expand and eventually induce the phase transformation toward 
the QII
G  phase. As the GMO-PEG composition increases, a lamellar phase (Lα) emerges in coexistence with 
bicontinuous cubic gyroid (QII
G). Here, the steric effect of GMO-PEG addition was also observed with the 
lattice spacing increasing from 𝑎QII
G
 = 217 Å at ΦGMO-PEG = 0.02 to 245 Å, at ΦGMO-PEG = 0.03, and eventually 
𝑎QII
G
 = 313 Å at ΦGMO-PEG = 0.04. It is remarkable that the bicontinuous gyroid cubic lattice spacing can 
increase by 100 Å  while retaining crystalline order by the addition of rather small amounts of PEGylated 
lipids. We believe that this lattice expansion is associated with an augmented degree of swelling driven by 
osmotic pulling of the PEG moieties. Lattice expansion due to higher swelling of lipid gyroids was observed 
in the past by the addition of charged lipids, but the lattice spacings in that case did not exceed 200 Å 9,56. 
Recently, a number of methods including the addition of cholesterol in combination with charged lipids 
have been utilized in order to expand the swelling capacity of lipid cubic phases up to 470 Å 57. This is an 
indication that in addition to Coulomb repulsions (via charged lipids addition) the combined effects of 
electrostatics and membrane elasticity using cholesterol and/or PEGylated lipids offer another handle to 
control cubic phase unit cell dimensions. There are common phase behavior features between adding 
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DOTAP and GMO-PEG to GMO-based systems. In both cases, there is an expansion of the bicontinuous 
cubic unit cell, which is expected due to electrostatic repulsion-driven swelling (DOTAP)58 or due to 
osmotic water pulling (GMO-PEG). Interestingly, the swelling of the bicontinuous cubic phase is 
accompanied also by a structural change from the Im3m to an Ia3d symmetry group. A relevant difference 
between these two cubic phases is the total surface area, with the Ia3d phase having a surface area higher 
than that of the Im3m phase.59 At this point, the driving force of the phase transition cannot be decisively 
underpinned, but the indication is that electrostatic repulsion between DOTAP-charged head groups or the 
bulky PEGylated lipids (which also results in increased areas per lipid head groups) seems to have a 
preference to be organized in a cubic phase geometry where there is larger bilayer surface areas. 
  
2.3.  Effect of siRNA on Lipid Topology  
 Intensive SAXS study of GMO/DOTAP/GMO-PEG system reveals there are two 
thermodynamically stable bicontinuous cubic phases, primitive and gyroid. In this work, we investigate to 
what extent siRNA can be incorporated in the two cubic phases of distinct symmetry now for the ternary 
lipid system. Figure 2.2A shows the SAXS scans obtained for GMO/DOTAP/GMO-PEG (95/4/1), 
displaying the bicontinuous primitive cubic structure for the lipid-only system (black line, QII
P,lipids
) and for 
a system with added siRNA at fixed charge ratio ρ (nDOTAP/nNA) = 1 (red line, QII
P,siRNA
). Here, the charge 
ratio F is defined as the ratio of number of positive charges per lipid molecules (nDOTAP) over the number 
of negative charges per siRNA (nNA). The system containing siRNA displays the same bicontinuous cubic 
structure as the parent lipid system, except that there is a significant reduction (5.6%) of the lattice spacing 
(𝑎QII
P,lipids
 = 159.5 Å  and 𝑎QII
P,siRNA
 = 150.6 Å ), an observation that is common when nucleic acids are able 




To our knowledge, this is the first time that a PEGylated lipid bicontinuous cubic phase containing siRNA 
is reported. A suspiciously strong (220) reflection indicates that the cubic phase might be in equilibrium 
with a residual inverse hexagonal phase HII siRNA with an overlapped (10) reflection followed by the 
corresponding (11) and (20) reflections. The relative amount of hexagonal phase coexistence can be 
modulated by adding increasing amounts of DOTAP. Pure cubic phases containing nucleic acids have 
proven to be rather difficult to stabilize, and in most instances, the system evolves to a pure hexagonal 
Figure 2.2. Effect of siRNA inclusion into the bicontinuous cubic phases of Im3m and Ia3d symmetry. siRNA 
molecules are added into two different cubic phases, (A) Im3m and (B) Ia3d. Interestingly only Im3m cubic phase 
is preserved after siRNA incorporation due to its flat water-channels. (C) Z-stack of confocal microscope image 
of Im3m cubic phase indicating 3D co-localization of siRNAs and lipids. (D) Schematics of primitive cubic phase 
























































































































phase61,62. In fact, most cubic phase hosts reported in the literature are used to encapsulate and/or crystallize 
rather small globular protein molecules63–65. 
 In Figure 2.2b, we show the SAXS scans obtained for GMO/DOTAP/GMO-PEG (95/3/2) without 
(black line) and with (red line) siRNA incorporation. In this case, the bicontinuous cubic gyroid phase 
(QII
G,lipids
) obtained for lipids alone is transformed entirely into an inverse hexagonal phase (HIIsiRNA). Three 
Bragg peaks at q10 = 0.122 Å -1 , q11 = 0.211 Å -1 , and q20 = 0.243 Å -1 are consistent with a 2D hexagonal 
phase with a lattice spacing of a = 59.5 Å  (a = (4π)/(q10 √3)). Interestingly, for the lipid-only ternary systems 
containing PEGylated units, a reversed hexagonal phase was not found in a rather careful compositional 
investigation, but the inclusion of siRNA allows the stabilization of this phase. First, this is an indication 
that siRNA is indeed included in the lipid matrix phase61. In addition, in a reversed hexagonal phase, siRNA 
occupies the water domain with the lipids decorating the nucleic acid. In this arrangement, the bulky 
PEGylated units can be displaced out of the water domain into stabilizing the oil/ water interface of the 
lipid-siRNA complex. Real space imaging shown later in this paper indicates that this might be, in fact, the 
case. It is noteworthy that, in contrast to the GMO/ DOTAP-siRNA system9 where the gyroid was the 
lowest energy cubic phase, when small amounts of PEGylated GMO is added to the system, Im3m is the 
preferred bicontinuous cubic phase. Infinite periodic minimal surfaces have an infinite genus, but per unit 
cell, this is defined and determined by the number of topologically distinct holes per unit cell. For the Im3m 
and Ia3d phases, the genus of the minimal surfaces per unit cell is the same because they are connected by 
the Gauss-Bonnet transformation59. In this context, a more useful parameter to distinguish both phases is 
a0, a dimensionless area per unit cell of the cubic phase, which has the values 2.345 and 3.091 for the 
primitive and the gyroid underlying minimal surfaces of the Im3m and Ia3d phase, respectively. This allows 
us to calculate the total area of a certain cubic phase A by equaling it to a2a0, where a is the regular lattice 
spacing of the cubic phase. For the present systems, that equates to AIm3m = 592.7 nm2 versus AIa3d = 1455 
nm2. In other words, the surface area of the Ia3d cubic gyroid phase is substantially higher than that of the 
Im3m primitive bicontinuous cubic phase, which means that membranes in a gyroid will have more 
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folded/curved regions in the 3D space. In this regard, the incorporation of oppositely charged stiff nucleic 
acids molecules, which is known to promote transitions to lipid phases with flatter lipid films61, will be 
more favorable in a membrane with a lower degree of curved space such as that of the Im3m cubic phase. 
The water channel diameters were calculated66 as 4.9 and 5.9 nm for the Im3m and Ia3d phases, respectively, 
dimensions which are perfectly suited to incorporate siRNA molecules that have a molecular diameter of 
2.6 nm. 
 In order to evaluate the extent of siRNA encapsulation within the new PEGylated bicontinuous 
primitive lipid cubic phase, we conducted confocal microscopy to investigate the colocalization of the lipid 
and siRNA domains. We used a fluorescent red lipid tag molecule, Texas Red conjugated lipid, and a 
siRNA binding green fluorescent tag YoYo-1. The confocal microscopy image of stoichiometrically 
charge-neutral lipid-siRNA complexes (ρ = 1) is shown in Figure 2.2C. The central panel is an XY image 
slice displaying a few yellow aggregates of about 10 μm, clearly showing that siRNA (green) and lipid (red) 
domains are totally colocalized. The ZY and ZX side images also demonstrate that the colocalization of 
siRNA and lipid domains remains throughout the entire 3D thickness of the lipid-siRNA complex 
aggregates. A schematic representation of the structure of the QIIP bulk cubic phase is represented in Figure 
2.2D. A lipid membrane with the midplane represented in gray is a periodic minimal surface that separates 
two intertwined but independent aqueous nanochannels (represented by orange and blue) organized with 
Im3m cubic symmetry. 
2.4. Top-down Approach for Cubosomes and Cuboplexes Formation  
The application of the cubic phase intended for systemic cellular delivery applications requires the 
production of a colloidally stable particulate system. In this work, we demonstrate that a judicious choice 
of lipids allows the preparation of PEGylated nanoparticles by gentle indirect sonication at low 
temperatures with internal structures that are conserved from the original bulk cubic phase. The 
fragmentation of the bulk cubic phase results in the production of micron-sized particles within 6 min of 
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chilled indirect sonication (Figure 2.3) regardless of the presence of siRNA, and a total time of 10 min is 
sufficient for the production of nanoparticles on the order of 500 nm. 
It is noteworthy that our method of dispersing particles is suitable for the preparation of PEGylated 
cubosomes with and without siRNA (90% encapsulation efficiency); we refer to the latter type of 
nanoparticles as cuboplexes. While SAXS is a critical tool to identify the nanostructure of the bulk 
aggregates, the structures of dilute solutions of nanoparticles are most appropriately assessed by cryo-TEM, 
where the sample is quickly quenched at ultralow temperatures and the nanoscale objects can be observed 
as in their native solution state. Cryo-TEM is the technique of choice when investigating the structure of 
lipid-based suspensions, including those containing drugs and nucleic acids67. In the case of lipid phases 
other than the liposome, cryo-TEM has been extensively used to unequivocally demonstrate bicontinuous 
cubic structures of cubosomes and 2D hexagonal arrays of hexasomes68. In Figure 2.4A-D, we can observe 
many individual particles in the 200 nm to 1 μm size range that have very well-ordered internal cubic 
Figure 2.3. Top-down Approach of cubosomes and cuboplexes formation. Fluorescence microscopy images 
of lipid nanoparticles without (top) and with (bottom) siRNA under ultra-chilled sonication in 6 minutes reveals 








structure obtained for a lipid composition of GMO/DOTAP/GMO-PEG (95/4/1). The internal structure is 
more clearly visible in Figure 2.4C and 2.4D. It is noteworthy that the nanoparticles are ordered in a specific 
direction, (100), through 2D mapping of the Im3m phase69. The Cryo-TEM images of the lipid-siRNA 
cuboplexes at GMO/DOTAP/GMOPEG (95/4/1)-siRNA, ρ (nDOTAP/nNA) = 1, are displayed in Figure 2.4E-
Figure 2.4. Cryo-TEM study of lipid-only and lipid-siRNA Im3m cubic phases fragmented into 
nanoparticles by chilled and indirect sonication. (A-D) Cryo-TEM images of GMO/DOTAP/GMOPEG 
(95/4/1) aggregates displaying colloidally stable spheroidal nanoparticles (average diameter of 500 nm) with 
internal bicontinuous cubic symmetry. The images clearly show a cubosome-like particulate system with internal 
Im3m cubic structures mostly aligned in the (100) plane. (E-G) Cryo-TEM images of cuboplexes at ρ = 1. In this 
case, the particles display an analogous internal cubic structure, but the lighter water channels are now replaced 
with a much darker region, indicating that siRNA is encapsulated within the nanochannels. (I) Magnified cryo-
TEM image of the lipidonly Im3m cubosome and the corresponding FFT image showing that the particle is aligned 
in the (100) orientation, yielding a unit cell dimension of a = 309 Å . Note the dense outer rim in the cubosomes 
possibly resulting from a stabilizing PEGylated corona. (J) Magnified cryo-TEM of the lipid-siRNA Im3m 
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G. Figure 2.4H shows a schematic representation of the cuboplex nanoparticle with Im3m internal 
symmetry (gray minimal surface corresponding the lipid bilayer midplane) encapsulating siRNA (green 
helices). As opposed to lipid-only cubosomes, where one can easily observe light regions corresponding to 
the water channel domains, the cuboplexes appear darker and the internal structure is shrunk compared to 
lipid-only systems. The latter observation is consistent with the SAXS finding of a reduction of the cubic 
phase unit cell dimensions as siRNA is added to the cubosomes. siRNA is located at the water channel 
domain of the lipid-only cubosome system and is not surprising that those channels appear darker when 
siRNA is encapsulated. Figure 2.4I shows an expansion of a lipid-only cubosome image displaying the 
internal cubic symmetry aligned toward the (100) planes and the corresponding fast Fourier transforms 
(FFT) and Miller indices. The lattice constant was calculated from the FFT images70, yielding a unit cell of 
a = 309 Å  for the lipid-only system, which is larger than that obtained by SAXS for the bulk phase (a = 
160 Å ). This indicates that fragmentation of the bulk state gives rise to a particle where the structural cubic 
symmetry is conserved but with higher unit cell dimensions. An analogous expanded image obtained for 
siRNA-loaded cuboplexes is presented in Figure 2.4J with its corresponding FFT result. In this case, the 
internal cubic structure displays the Im3m symmetry as in the bulk phase with a unit cell dimension 
estimated by FFT of a = 169 Å , which is also larger than what is observed by SAXS (a = 151 Å ). Consistent 
with the SAXS observations is that the unit cell of the lipid-only system is considerably reduced with the 
encapsulation of siRNA. The particulate system is obtained by a top-down approach, specifically by gentle 
indirect sonication of the bulk phase. It is natural that sonication induces molecular reorientations that 
would result in modulations of the lattice spacing. It is noteworthy that a dense outer membrane can be 
observed in the lipid-only cubosomes and in the siRNA-containing cuboplexes systems (cf. Figure 2.4E 
and 2.4J). At this point, we are not entirely sure what is the composition of the particle rims, but it is 
plausible that PEGylated lipids align preferentially at the surface of the particles, providing colloidal 
stabilization as seen for PEGylated liposomal systems. This would be particularly evident for the case when 
siRNA is associated within the internal water channels, displacing the PEGylated lipid components, and 
indeed, the rim on cuboplex particles appears denser and thicker compared to that in lipid-only cubosomes. 
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2.5. Highly Efficient siRNA Delivery: Topology Engineered System 
 We performed gene-silencing experiments to investigate the gene knockdown functionality of the 
new cuboplexes as carriers of exogenous siRNA as compared to classic liposomal siRNA formulations. 
The silencing efficiency as a measure of post-transcriptional, specific silencing of the gene targeted by the 
transferred siRNA of the cuboplexes was studied at different charge ratios (ρ) and compared to that of 
commercially available lipid-based complexes; Lipofectamine (LFA). In cell culture experiments, it is 
customary to employ complexes with excess positive charge (ρ > 1) in order to optimize their electrostatic 
affinity to negatively charged plasma membranes. In one set of experiments, HeLa cells were pretreated to 
express firefly luciferase (FF), and thereafter, cuboplexes encapsulating siRNA targeting the FF luciferase 
mRNA for sequence-specific degradation were added to the cells. In this case, a control to off-target 
silencing effects was attained by incubating cells with cuboplexes encapsulating a “scramble” siRNA that 
has the same nucleotide composition, but not the same sequence, to test the effects of nonspecific gene 
knockdown. Figure 2.5A shows the luciferase activity in relative light units per milligram of protein 
following incubation of cells with LFA and cuboplexes at several charge ratios (ρ) represented by the green 
bars, in contrast to the “scramble” siRNA nonspecific knockdown activity plotted by the red bars. A control 
of the activity without any treatment (background signal from cells only) is represented by the “Neg” purple 
bar. Figure 2.5B shows the silencing activity results of an analogous experiment described above using 
lipid formulations, where the GMO neutral lipid was substituted by a classical liposomal-forming analogue 
species, DOPC (1,2-dioleoyl-sn-glycero-3- phosphocholine), and a phospholipid-based PEGylation agent 
(DOPE-PEG, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)- 2000]). 
The molar fractions and charged densities were kept constant in both systems. A schematic representation 
of the type of lipid particle utilized as a starting point to incorporate siRNA in each experiment is included 
as an inset of Figure 2.5A (cubosomes) and Figure 2.5B (liposomes). A gray surface represents the midplane 
of a lipid bilayer, and a blue-shaded background represents the aqueous domains. In a liposome system, the 
lipid bilayer is a shell enveloping an isotropic aqueous interior as opposed to cubosomes, where a lipid 
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bilayer folds into a bicontinuous cubic symmetry within the core of the particle interfacing a number of 
aqueous nanochannel domains. There is not a systematic variation of the silencing efficiency with respect 
to ρ, but the best results are attained at ρ = 3 for the cuboplex system (75%). The liposome-based system 
does not allow for comparable gene knockdown efficacy (34%) unless significantly higher charge ratios of 
ρ ≥ 10 are reached. Importantly, at this level, off-target silencing is extremely high. This is consistent with 
previous findings in our lab of bulk phases of lipid-siRNA complexes9,71. It should be noted that there is a 
strong correlation between high charge ratios (large excess of positive charges) to undesirable toxicity and 
concomitant off-target gene knockdown effects20. Interestingly, the cuboplexes give rise to gene-silencing 
functionalities at the very least comparable to the commercially available agent LFA and even 22% higher 
knockdown efficiency. The silencing experiments described above are based on a pre-DNA transfection 
step that can lead to a number of issues interfering with the interpretation of the results. Namely, there can 
be a variation of DNA transfection efficiency propagating to siRNA delivery performances. In addition, 
there is a risk that endosomal uptake pathways become saturated with the first Lipofectamine dose 
(containing the DNA). In order to address this problem, we performed another set of experiments (Figure 
2.5C and 2.5D) utilizing stably transfected luciferase reporter HeLa cell lines (HeLa-Luc). Figure 2.5C 
shows the luciferase activity in relative light units per milligram of protein following incubation of cells 
with cuboplexes at several charge ratios (ρ) represented by the green bars, in contrast to the “scramble” 
siRNA nonspecific knockdown activity plotted by the red bars. Figure 2.5D shows the luciferase activity 
of a parent liposomal system. As a control, the “Neg” purple bar indicates signal from wells containing only 
cell media, and the “Pos” purple bars indicate background activity obtained from wells with cells only. In 
general, the knockdown behavior as a function of F is very similar to that obtained with pre-transfected 
HeLa cells (Figure 2.5A and 2.5B). It is noteworthy that all cell culture results reported are an average of 
at least three independent cell culture experiments at different days. In addition, each measurement is 
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recorded at least in triplicate. In the case of the silencing activity obtained with the Hela-Luc cells (Figure 
2.5C and 2.5D), there is considerably less variation in the results when compared to the pretransfected Hela 
cells. The gene-silencing activities attained with the cuboplex (Figure 2.5C) are clearly more favorable 
Figure 2.5. Luciferase gene knockdown in HeLa and HeLa-Luc cells of PEGylated GMO/DOTAP/GMO-
PEG (95/4/1)-siRNA cuboplexes in contrast to liposome-based PEGylated DOPC/DOTAP/DOPE-PEG 
(95/4/1)-siRNA lipoplexes at different charge ratios (F). (A,B) HeLa cells were pretreated by transfection of 
plasmid DNA-firefly luciferase and subsequently incubated with either cuboplexes (A) or lipoplexes (B) 
containing two different siRNA molecules: siGL3 which targets the firefly luciferase mRNA to degrade and 
suppress expression (green bars) and “scramble” siRNA (red bars), which has random sequences to test nonspecific 
gene knockdown. “Neg” purple bars in the plots represent the signal obtained by cell-only without any treatment. 
(C,D) Luciferase gene knockdown in HeLa-Luc cells. 






























































































































(without significant off-target effects) than what is obtained with the parent liposome-based system (Figure 
2.5D) at all charge ratios. At as low as ρ = 3, the efficiency of the cuboplex is 70 % vs 6 % for the liposome-
based carrier. At best, when ρ = 8, the liposomal system reaches 38 % knockdown efficiency, but off-target 
effects start to emerge at this regime of high charge ratios. We should note that the lipids utilized in the 
liposomal formulation are standard phospholipids used in many drug and nucleic acid delivery applications. 
The absolute silencing efficacy of the cuboplexes is encouraging per se while establishing a new handle for 
future lipid-based siRNA delivery systems that so far have not explored the importance of membrane 
structures that deviate from the classical liposome design. Considering Helfrich membrane elasticity 
arguments8, a bicontinuous cubic phase, as presented in the cuboplexes, should have efficient fusogenic 
properties independent of membrane charge density. The elastic energy per unit area (E/A) of a lipid bilayer 
membrane of spontaneous zero mean curvature (C0 = 0) is given by E/A = 0.5κC2 + κGC1C2, where C1 and 
C2 are the principal curvatures of the membrane aggregate, and κ and κG are the bending and Gaussian 
modulus, respectively. The first term represents the energetic cost of bending a membrane away from its 
spontaneous curvature C0, and the second term accounts for membrane topology changes. For membranes 
with a negative Gaussian modulus, κG < 0, spherically shaped vesicles with positive curvature C1C2 > 0 are 
favored. On the other hand, membranes with a positive Gaussian modulus, κG > 0, will favor saddle-splay-
shaped surfaces with negative Gaussian curvature C1C2 < 0 such as the surfaces of bicontinuous cubic 
phases (cf. Figure 2.2D). Cubic-phase-forming lipids (κG > 0) should give rise to enhanced membrane 
fusion, which requires the spontaneous transient formation of pores that also have negative Gaussian 
curvature surfaces. In fact, membrane fusion mediated by pore formation has been mechanistically 
associated with the stabilization of bicontinuous cubic phases72,73. We attribute the high silencing efficiency 
results to the ability of the cuboplexes to lower the free energy cost of fusion and concomitant pore 
formation between the membranes of the cuboplex and the endosome. Interestingly, the inclusion of 
PEGylated moieties that is traditionally known to compromise the efficiency of exogenous nucleic acid 
cellular delivery due to surface charge alteration effects does not seem to diminish the functionalities of the 
cuboplexes. This finding further indicates that the mechanism of siRNA cell entry does not rely on 
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electrostatic attachments between complexes and endosomal membranes, and it is rather a membrane 
topologically activated mechanism. 
2.6. Summary 
In this work, we demonstrate that the internal structure of particles has a determining role in their 
efficiency as carriers for cellular delivery. Specifically, we developed a method to stabilize lipid-based 
dispersions with remarkably ordered internal bicontinuous cubic symmetry (Im3m space group) that is able 
to encapsulate large amounts of siRNA even at very low membrane positive charge density. The 
bicontinuous cubic structure is topologically active, being able to efficiently escape endosomal entrapment 
by lowering the free energy cost of forming pores in endosomal membranes, leading to efficient siRNA 
delivery to the cell. The efficiency of this new lipid-based material surpasses that of parent liposome-based 
systems as well as commercially available products for siRNA delivery. Furthermore, the particles with 
internal cubic structure are sterically stabilized by lipids conjugated with polyethylene glycol (PEG) 
moieties, allowing them to be used in systemic delivery. This is the first time that a PEGylated lipid particle 
with internal cubic symmetry containing siRNA is reported, and we name these new particles PEGylated 
cuboplexes. The particles are produced by gentle, indirect, and chilled sonication based on a tricomponent 
system made of glycerol monooleate (a lipid that has a tendency to form cubic phases), a positively charged 
lipid to electrostatically entrap siRNA (1,2-dioleoyl-3-trimethylammonium propane), and GMO covalently 
linked to a 2 kDa PEG unit that provides colloidal and steric stability. The incorporation of very small 
amounts of GMO-PEG has a dramatic effect on the DOTAP/GMO phase behavior, leading to 
transformations between bicontinuous cubic phases of different symmetry groups (Im3m stable at 1 mol % 
of GMO-PEG and Ia3d at 2 mol %). Furthermore, the content of GMO-PEG offers an alternative handle 
(in addition to reported charged lipids and/or cholesterol) to control unit cell dimensions of the bicontinuous 
cubic phases with an increase in lattice spacing of the gyroid phase Ia3d from 217 Å at ΦGMO-PEG = 0.02 to 
245 Å at ΦGMO-PEG = 0.03 and eventually 313 Å at ΦGMO-PEG = 0.04. siRNA can be encapsulated with an 
efficiency of 90 % without disruption of the topology of the PEGylated cubic phase only for the Im3m 
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symmetry group (while the Ia3d gyroid is converted fully to a 2D reversed hexagonal phase). Even though 
both bicontinuous cubic phases have analogous genus, Im3m has a lower surface area compared to that of 
Ia3d and concomitant larger regions of flatter lipid membranes, which present a more stable state to 
accommodate stiff nucleic acid molecules such as siRNA. Upon passive siRNA encapsulation, the 
colloidally stable cubosomes with ca. 500 nm diameter and well-ordered internal Im3m cubic structure are 
conserved, resulting in cuboplex particles of the same size but with unit cell reductions consistent with 
siRNA-induced screening of cationic lipid electrostatic repulsion. In addition, Cryo-EM imaging shows 
that the water channel domains in the lipid-only cubosomes are clearly filled with siRNA in the siRNA-
containing cuboplex. Remarkably, knockdown efficiency is not compromised by the addition of PEG units 
to the particles, indicating that the mechanism of endosomal escape is not limited or controlled by 
electrostatic interactions as classically obtained for siRNA delivery carriers, but it is instead reliant on 
topologically activated processes that are completely dictated by the internal structures of the particles. 
2.7. Experimental Details 
Preparation of Lipid and Lipid-siRNA Complexes. The lipid components utilized were GMO, 
purchased from NU-CHECK PREP Inc. (Elysian), 1,2-dioleoyl-3-trimethylammonium-propane, 1,2- 
dioleoyl-sn-glycero-3-phosphocholine, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)- 2000] obtained from Avanti Polar Lipids, Inc. (Alabaster), and PEG-
conjugated GMO that was custom-designed by NOF America Corporation (White Plains). All lipids were 
used without further purification and dissolved in chloroform, combining the solutions at the desired 
volumetric ratios and evaporating the solvent, first under a stream of nitrogen and then in a vacuum 
overnight. The resulting lipid film was hydrated at 37 oC for 2 days with sterile water (18.2 MΩ∙cm) from 
a Milli-Q filtration system (Millipore, Germany) or an RNase free water for the lipid-siRNA complex. The 
final lipid concentration was 500 mM (for SAXS), 10 mM (for cell culture studies), and 1 mM (for dilute 
Cryo-EM samples). siRNA (19 base pair, CUUACGCUGAGUACUUCGA with two 30 -deoxythymidine 
overhangs, from Dharmacon (Germany), at 10 μg/μL that specifically targets the firefly luciferase gene) 
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was added in the hydration step at the desired charge ratio ρ (nDOTAP/ nNA) for cryo-TEM samples. 
Cubosomes (lipid-only) and cuboplexes (lipid-siRNA complexes) were prepared by indirect sonication 
using a cup horn system (Qsonica) with temperature control below 4 oC (Fisher Scientific) for 6 min. During 
the sonication, the ultrasound frequency was 20 kHz, the amplitude was kept for 100%, and the average 
power applied to the system was 700 W. For the lipid-siRNA complex samples used in SAXS, the prepared 
lipid solution (50 mM) was mixed with siRNA with the desired ratio ρ using a table-top centrifuge at 4 oC 
for 15 min. 
Small-Angle X-ray Scattering. Lipid and lipid-siRNA complexes were prepared in quartz capillaries 
(Hilgenberg Glas, Germany). SAXS experiments were conducted in a home-built (with help of Forvis 
Technologies, Santa Barbara, CA, USA) equipment composed of a Xenocs GeniX3D Cu KR ultralow 
divergence X-ray source (1.54 Å /8 keV), with a divergence of ∼1.3 mrad. The 2D diffraction data were 
radially averaged upon acquisition on a Pilatus 300 K 20 Hz hybrid pixel detector (Dectris) and integrated 
using FIT2D software (http://www.esrf.eu/computing/ scientific/FIT2D) from ESRF74,75. 
Confocal Microscopy. The lipid-siRNA complex samples for confocal microscopy (Leica SP2 visible 
laser confocal microscope, Leica Microsystems) were prepared by mixing red fluorescent dye (0.1 mol % 
of Texas Red DHPE, Lifetechnologies) tagged lipid solutions with siRNA labeled (green fluorescent dye 
at one dye molecule per 15 bp, YoYo-1 iodide, Molecular Probes) at ρ = 1. The concentrations of lipid and 
siRNA stock solutions were 1 mM and 1 mg/mL, respectively.  
Cryogenic Transmission Electron Microscopy. Lipid and lipid-siRNA complex samples for 
cryogenic transmission electron microscopy (JEOL 2100 cryo-TEM at 120 kV) were prepared on a lacey 
carbon-coated copper grid (Structure Probe Incorporation, PA) using semi-automated Vitrobot (Vitrobot 
Mark II, FEI). Briefly, 1 μL of 1 mM cubosome or cuboplex solution was casted on top of a carbon grid. 
The grid was then transferred to Vitrobot chamber that was at 100% humidity and at 4 oC. Rapid immersion 
of the grid into liquid ethane after 1 s blotting effectively vitrifies the sample. Note that the samples should 
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be kept under -170 oC until successfully transferred into the cryo-TEM instrument in order to prevent 
crystalline ice formation. The images are obtained at a defocus of ∼4000 nm.  
Cell Culture and Gene Knockdown. Human tumor cells (HeLa, CCL-2 by ATCC) and stable 
overexpressing luciferase HeLa cells (HeLa-Luc, SL-0102 by Signosis) were cultured in Dulbecco's 
modified Eagle's medium (mixture of 10% fetal bovine serum and 1% penicillin-streptomycin) at 37 oC 
with 5% of carbon dioxide (CO2). The siRNA knockdown experiments with HeLa cells were done by the 
method described as follows. First 0.1 μg of plasmid DNA (pGL3 firefly, Promega) was transfected using 
Lipofectamine 2000 (L2000, Invitrogen) by incubating HeLa cells for at least 2 h at approximately 10 000 
cells seeded per well in a 96-well plate. After DNA transfection, HeLa cells were washed with fresh PBS 
(1, Corning). HeLa cells were then incubated with 50 nM “scrambled” siRNA (Allstars negative control 
siRNA, QIAGEN) or 50 nM siRNA targeting firefly luciferase genes per well at different charge ratios (F) 
for more than 2 h. The siRNA knockdown experiments with HeLa-Luc cells were done in an analogous 
way utilizing 50 nM of luciferase targeting siRNA, siGL2 (Dharmacon), and a scrambled siRNA to test for 
off-target effects. The main difference in these experiments is that the pretransfection step with DNA is not 
required as this cell line naturally expresses luciferase mRNA. Gene knockdown efficiency was then 
evaluated using the luciferase assay system (Promega, USA). Specifically, the produced light from each 
well of interest was measured by a plate reader (Victor 3 multilabel reader, PerkinElmer) and normalized 
by the mass of cells in each well. Each reported result is a result of three independent cell culture 





MONODISPERSE SIZE CONTROLLED CUBOPLEXES USING 
BOTTOM-UP APPROACH 
 
Significant components of this chapter will be submitted as “Size Controlled Monodisperse Cuboplexes: 
Microfluidics Approach” by Hojun Kim, Jaeuk Sung, Alana Alfeche, and Cecilia Leal.   
3.1. Introduction 
As discussed in chapter 1 and 2, Cubosomes, lipid nanoparticles having a bicontinuous cubic phase, have 
drawn substantial scientific interest because of their higher fusogenic property to target cells25,4. When the 
drug-vehicle complex is uptaken by the target cell, the drug-vehicle complex is enclosed by the lipid 
membrane, called the endosome. To deliver the drug to the inside of the cell membrane, cytosol, the drug-
vehicle complex must escape from the endosome. The cubosome can assist this endosomal escape process: 
Helfrich’s membrane elasticity theory can be used to show that the presence of cubic phase lipid particles 
lowers the free energy of the endosomal escape barrier compared to non-cubic-phase lipid particles8. This 
topologically active delivery property was explored in the chapter 2. Size- and shape-controlled delivery 
vehicle particulates are beneficial for drug delivery. In particular, monodisperse size and shape optimized 
drug-vehicle complexes are required not only for a controlled study of the delivery system, but also for an 
increased circulation time and cellular uptake. Recent studies with different sized and shaped nanoparticles 
used for cellular delivery revealed that both a longer circulation time in the blood vessels and a faster 
cellular uptake rate can be obtained through size and shape engineering24,40,76.  
In this context, size and shape controlled cubosomes offer the practical usage for cellular delivery. 
However, the preparation of cubic-phase particulates is challenging. Conventional preparation methods 
primarily involve a top-down approach, in which bulk cubic phase material is fragmented into sub-
micrometer particulates by giving high and random shear stress through a homogenizer77. The particle is 
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prepared by random shear stress, thereby the resulting particle size distribution is broad (100 to 1000 nm). 
Tenchov et al., found that the size distribution of unilamellar vesicles prepared by sonication was identical 
to the Weibull extremal probability distribution21. Also, authors revealed the size distribution is completely 
determined by sonication process, thereby it is irrelevant with thermodynamic equilibrium dictated by lipid 
type and composition. The top-down method is also often performed using a toxic stabilizer that can hamper 
the drug efficacy. In contrast, a bottom-up approach to prepare cubosomes is beneficial for a more 
controlled preparation. It uses volatile solvent, analogous to nanoprecipitation method. A lipid-dissolved 
ethanol solution is added dropwise into a bulk water to precipitate lipid molecules. Because lipids have a 
very low solubility in water, the precipitates of varied sizes can be formed at various mixing rates. In general, 
cubosomes formed using this bottom-up approach are smaller and have better physical stability, possibly 
because of the homogeneous distribution of stabilizers per particle78. Because of bulk-scale mixing of 
ethanol and water, however, this method also results in polydispersity of particle sizes (100-500nm)79,80. 
In this chapter, we propose to use a microfluidic channel device to prepare size controlled monodisperse 
cubosomes with a high quality which was not possible with conventional methods. The microfluidic 
channel device allows rapid mixing in a small volume, which is crucial for preparing monodisperse and 
size controlled cubosomes via bottom-up method. Also, instead of a toxic stabilizer, we use a biocompatible 
polymer, PEGylated lipid. The cryo-EM and SAXS reveal that cubosomes prepared using this method 
exhibit a significantly narrower size distribution and improved shape control compared to conventional top-
down preparation approaches. Because our preparation method can be scaled-up to produce large quantities 
of cubosomes, we believe our method can be very useful for further study of cubosomes in cellular delivery 
applications. 
Our study focuses on the preparation of cubosomes having a small average size with a narrow size 
distribution for drug delivery applications. To accomplish this goal, we used the lipid compositions as in 
previous studies, in which few spherical cubosomes (up to 50nm)10 are found. We designed the lipid with 
the following composition: a bicontinuous cubic phase that forms the lipid glycerol monooleate (GMO); a 
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net positively charged lipid, 1,2-dioleoyl-3-trimethylammonium propane (DOTAP), which is commonly 
used to incorporate negatively charged therapeutics via electrostatic pinning and has a favorable interaction 
with negatively charged cell membranes; and a custom-designed GMO lipid conjugated to 2 kDa 
polyethylene glycol (GMO-PEG). We hypothesized that there is an optimum ratio of lipid compositions 
that will result in the formation of PEGylated cubosomes with controllable size and shape distributions. 
We specifically chose a bottom-up approach that allows a more controlled preparation of nanoparticles. 
Recently, Martiel et al.79 and Kim et al.80 showed that a simple mixture of lipids dissolved in ethanol and 
water can be used to make cubosomes with a narrower size distribution and a smaller mean size. In this 
work, we suggest a bottom-up approach using a Staggered Herringbone Mixer (SHM) device that allows 
rapid mixing and a small mixing volume of the lipid solution and water. A similar study was conducted 
with lipid-siRNA complex nanoparticles having a 20-nm mean size and polydispersity index of 0.0281. In 
the present study, we aim to utilize the beneficial mixing characteristics of the SHM device for cubosome 
fabrication. Our study explores the feasibility of this approach and provides insights into the controlled 
preparation of cubosomes. 
3.2. Microfluidics Based Bottom-up Approach 
  In this work, we fabricated the SHM device and utilized the device to prepare cubosomes having 
controlled size and shape distributions. The SHM device was fabricated using a conventional 
photolithography method. Figure 3.1.A illustrates the fabrication process. Briefly, Su-8 photoresist was 
spincoated on the silicon wafer, and the single channel was patterned using mask aligner (i). Then it 
undergoes a soft baking process to cure the photoresist (ii). The second Su-8 was spin coated on top of the 
first layer, and the herringbone structure was aligned carefully to fabricate double-layer structure (iii). After 
UV exposure, the device was baked (iv), developed and hard baked (v), and PDMS was poured to replicate 
the pattern (vi). Successful fabrication yields PDMS based SHM device originally designed by Stroock et 
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al., and have been utilized for various fields of biotechnology82. Its design is optimized for chaotic and 
complete mixing profile in a small mixing volume ensuring the complete mixing in micro scale. Figure 
3.1B displays schematic process of cubosome fabrication using SHM device. GMO, DOTAP, and 
GMOPEG lipids were dissolved in ethanol and injected through one inlet while another inlet was injected 
by water. Lipids are precipitated during micro mixing process inside of SHM, produces small size 
emulsions collected from the outlet. Then the resultant emulsion solution was heat treated by rotary 
evaporator to produce cubosomes. 
The novelty of this study is based on the monodisperse emulsion formation which leads to monodisperse 
cubosomes. There are multiple variables that can affect emulsion sizes including flow conditions, lipid 
Figure 3.1. Schematic illustration of SHM device and cubosome formation process. (A) i) UV exposure under 
straight channel mask pattern ii) Bake iii) second layer spin coating and UV exposure iv) bake v) develop and hard 
bake vi) PDMS mold fabrication (B) Lipids in ethanol are injected in one inlet while other inlet is injected by 
water. Through mixing of two solution produces small size emulsion. Further heat treatment then produces 
monodisperse cubosome particles. 
Thermal 











concentration, and lipid composition. Based on our previous study of this tricomponent lipid system, we 
fixed GMOPEG content to 1 mol% which showed a good stabilization for cubosomes in top-down approach. 
For simplicity, we also fixed the DOTAP contents to 1 mol%.   
Based on previous studies of lipid nanoparticle formation using SHM device81,83, we first explored the 
effect of lipid concentration at a fixed flow rate ratio of 4 and flow rate of 0.05 ml/min. If the flow condition 
is the same, mixing volume will be the same regardless of lipid concentration. Thus, we expect to see the 
proportional trend between lipid concentrations and the emulsion sizes. Figure 3.2A represents the DLS 
data of emulsion solutions at varied lipid concentrations. As expected and previously observed in different 
lipid systems, larger emulsion size is observed at higher lipid concentration. Lipid concentration of 1mM, 
10mM, and 100mM had emulsion size of 46, 48, and 77 nm, respectively.  In terms of size distributions, 
the polydispersity indexes (PDI) were 0.05, 0.05, and 0.06 for 1, 10, and 100 mM lipid concentration, 
respectively. We attributed this small difference in the size distributions to the constant mixing volume 
profile. This trend is identical with previous studies which reveal that the size distribution largely depends 
on the concentration of stabilizer and flow condition. 
Next, we varied flow conditions, both flow rate and flow rate ratio at 10mM total lipid concentration. 
Figure 3.2B represents 3D diagram of emulsion sizes at different flow conditions. As already observed by 
others81,83, the increased flow rate and flow rate ratio leads to smaller, and more monodisperse emulsions. 
However, the size and its distribution change was saturated at flow rate of 0.05 ml/min and flow rate ratio 




3.3. Structural Study of Cubosome Formation 
The emulsion solution was heat treated to induce rearrangement of lipids for cubosome formation. It has 
about 20 vol% ethanol, primarily inside of emulsions. Although a fraction of alcohols is known to aid 
assembly quality, the significant amount of alcohol will induce a sponge phase instead of bicontinuous 
cubic phase. Thus, it is important to remove ethanol for cubosome formation. To apply heat treatment and 
ethanol evaporation at the same time, rotary evaporator was used. The lipid concentration in ethanol was 
10mM, and flow rate and flow rate ratio were 0.05 ml/min and 4, respectively. Successful thermal treatment 
and evaporation takes 14 minutes at 75 mbar and 57 oC condition. 
To understand how the cubosome is formed in the rotary evaporator, we collected solutions at 0, 4, 8, and 
14 minute points. Cryo-EM images of each collected solution was obtained and represented in figure 3.3A. 
Without thermal treatment (t = 0 min), only unfused emulsions found which sizes are matched with DLS 
data shown in figure 3.3B. At t = 4 min, emulsions start to fuse with each other to form beads in a string 
Figure 3.2. Effects of lipid concentration and flow condition on emulsion size (A) DLS measurements of 
emulsion solutions from different initial lipid concentrations (1, 10, and 50 mM). Increasing lipid concentration 
leads to the increase of emulsion size, while polydispersity index is not affected. (B) Average size of emulsions at 

































































like 1D and a sheet like 2D structures. The fused emulsions are mostly dark, but a few of them clearly have 
a bilayer structure visible at its perimeter. Further thermal treatment and evaporation (t = 8 min) induces 
3D structure of fused emulsions, possibly formed by fusion between 1D and 2D structures. The 3D structure 
is about 200 nm and individual emulsions in the fused structure are still distinguishable. Importantly, these 
large particles have clear bilayer structure meaning majority of ethanol is removed during thermal treatment. 
After full thermal treatment (t = 14 min), we found very ordered, bicontinuous cubic phase particles. The 
cubosomes made of SHM device have average size of 201 nm, and low PDI (0.04) shown in figure 3.3B.  
Cryo-EM is a great technique to understand detailed structural events by visualizing soft materials in its 
native solution state. In the soft nanoparticles, however, it is difficult to evaluate the average size and 
structural information from small fraction of the sample. In this context, SAXS is a great complementary 
technique which gives averaged particle structure and size information. For complete structural 
understanding of cubosome formation, we performed synchrotron SAXS scans on the same samples shown 
in figure 3.3A. In figure 3.3C, the initial stage of thermal treatment did not show a clear scattering signal 
due to the low concentration. At 8 minutes of thermal treatment, however, yields clear bilayer form factor 
around q = 0.06 Å -1. This is consistent with cryo-EM image on figure 3.3A where bilayer structures are 
visible in 3D aggregated particles. Further thermal treatment provides enough thermal energy to the lipids 
in the 3D aggregated particle to rearrange themselves into a bicontinuous cubic phase. Because the structure 
factor was observed after 12 minutes, this ordering happens after forming 3D aggregate by emulsions. Two 
more minutes of thermal treatment enhances the structure factor peaks indicating more particles become 
cubosomes. 
Inclusion of maximum amount of DOTAP lipids is crucial for loading sufficient amount of siRNAs. By 
varying the DOTAP contents, however, we found 1 mol% of DOTAP was maximum due to the increased 
repulsion at higher DOTAP contents. Figure 3.4A represents cryo-EM images of the samples with 3 and 5 
mol% DOTAP that undergoes the same fabrication process. For 3 mol% and 5 mol% DOTAP contents, 




DOTAP (left image). For 5 mol% DOTAP, mostly small liposomes and a few micrometer scale aggregates 
with hexagonal packing are found (right image). 
Figure 3.3. Structural study of cubosome formation mechanism (A) The series of Cryo-EM images obtained 
from the same sample at different thermal treatment time points. At t = 0 min, monodisperse emulsions are 
observed without any fusion events. After 4 minutes, emulsions are connected to form 1D and 2D structures 
through fusion events. Further treatment leads to the 3D aggregate structure of emulsions, showing individual 
fused emulsions inside. At final stage (t = 14 min), lipids in 3D aggregate structure are re-arranged to form a highly 
ordered bicontinuous cubic structure. (B) DLS study of initial emulsion and final cubosome size distributions. Due 
to emulsion fusion process, cubosomes are larger and have broader size distribution than initial emulsion as shown 
in the cryo-EM images. (C) Synchrotron SAXS study of cubosome formation during the thermal treatment. At 8 
minutes of thermal treatment, bilayer form factor evolved at around 0.06 Å -1. Further thermal treatment yields 
three Bragg peaks, indicating 3D structure of emulsions evolved to have well-ordered bicontinuous cubic phase.  

































































SAXS scans of the samples with 3 and 5 mol% DOTAP are shown in figure 3.4B. Complied with Cryo-
EM images, sample with 3 mol% DOTAP only showed lipid bilayer form factor at 0.06 Å -1. This indicates 
that there are no cubic phase particles on average. Upon increase of DOTAP to 5 mol%, however, broad 
form factor at 0.015Å -1 and weak structure factors with 1:√3:√4 ratio were found. Combined with cryo-EM 
images in 3.4A, we can infer that another form factor at lower q originated from monodisperse small 
liposomes. The hexagonal packing structure identified from SAXS scan also has similar dimension (a = 16 
nm) with the structure observed in cryo-EM image.  
3.4. Effect of siRNA Incorporation 
Already described in detail in the chapter 2, one of the most promising application of cubosomes is siRNA 
delivery. To understand how siRNA incorporation affects monodisperse cubosomes, we utilized SAXS, 
Cryo-EM, and DLS.  
Figure 3.4. Effect of higher DOTAP contents on cubosome formation (A) Cryo-EM images of thermally treated 
samples containing 3 and 5 mol% DOTAP lipids. 3 mol% of DOTAP prevents reorganization of lipids into 
bicontinuous cubic phase. Instead, 200 nm diameter sponge phase particles are formed. In the case of 5 mol% 
DOTAP, a few giant fused structures of emulsions with hexagonal packing symmetry found. (B) SAXS scans of 
GMO/DOTAP/GMOPEG systems with 3 and 5 mol% DOTAP. The sample with 3 mol% DOTAP showed broad 
lipid bilayer form factor around 0.06 Å -1 without any structure peaks consistent with observed cryo-EM images. 
In the case of the sample with 5 mol% DOTAP, however, weak and broad structure peaks are found as marked in 
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Various methods have been tested to incorporate the siRNA in the cubosomes. First, siRNA was added 
in the water channel region during emulsion synthesis. This approach was successful for both lipid 
nanoparticle-siRNA complex and lipoplex fabrications. In the case of cubosomes, however, we found 
siRNA incorporation at initial step limits the fusion events between emulsions. Only few cubosomes with 
siRNA were found, and majority of emulsion-siRNA were transformed into small lipoplexes.  
Next, we added siRNA solution after monodisperse cubosomes were fabricated. The solution was 
vortexed for 10 seconds and leave it for a day to give enough diffusion time. The incubated solution then 
was purified by centrifugal filter to eliminate unbound siRNA and small emulsions. It was found that the 
siRNA encapsulation rate reaches more than 90 % through UV-vis absorbance measurements. This method 
yields a good quality of cuboplexes as shown in figure 3.5A. Cryo-EM images show that there are no 
significant structural differences between cuboplexes and cubosomes. One can notice, however, the water 
channels in cuboplexes are hard to find compared to cubosomes. It is plausible that electronically dense 
siRNAs are filling the water channels thereby decrease the contrast between lipid membrane and water 
channel regions. 
In order to properly understand the location of siRNAs in cubosome, we devised a new strategy. We 
conjugated small gold nanoparticle (1.8 nm diameter) with one end of siRNAs. The custom designed siRNA 
with 5’ thiol end group used to conjugate the gold nanoparticle. After purification through gel 
electrophoresis, monovalent siRNA-gold nanoparticle conjugates were obtained, and were added directly 
to the cubosome solutions. Resultant cryo-EM images are shown in figure 3.5B. The gold nanoparticle 
conjugation does not affect the cubic phase structure and overall size of particles. Although a single gold 
nanoparticle-siRNA is hardly distinguishable due to their small size, we could identify collection of them. 
On the left image of figure 3.5B, white circle indicates gold nanoparticle regions. The magnified image 
shown in figure 3.5B clearly shows collection of the gold nanoparticle-siRNA conjugates. From this image, 
we can clearly see that the gold nanoparticle-siRNA conjugates are at the vicinity of the lipid membrane 
due to the coulombic attraction between negative charges of siRNA and positively charged lipid membrane. 
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This is the first study that shows the location of therapeutic molecules in cubosomes. This significant 
advance was achieved only with the development of cryo-EM, and will broaden our understanding of how 
therapeutic molecules are interacting with lipid membrane. Another important aspect of this approach is 
Figure 3.5. Structural study of cubosome formation mechanism (A) Cryo-EM images of cuboplexes. Highly 
ordered internal structure is clearly visible. The water channels are not clearly visible compared to cubosomes, 
indicating siRNA molecules filled the channel spaces. (B) Cryo-EM images of cuboplexes having 1.8 nm diameter 
gold nanoparticle conjugated siRNAs. Although individual gold nanoparticles are not distinguishable, small 
aggregates of gold nanoparticles are visible and represented in white circle in the left image. The image on right 
shows gold nanoparticles are aligned through lipid membranes due to electrostatic attraction between siRNAs and 
lipid membranes. (C) Synchrotron SAXS scans of cubosomes and cuboplexes. siRNA inclusion shifts Bragg peaks 
into larger q, meaning the unit cell dimension is decreased from to nm. (D) DLS measurements of cubosome and 






























































that we can quantify the number of siRNA molecules per cubosomes. However, we need a cryo-tomography 
with higher resolution to identify individual gold nanoparticles.  
To characterize the internal structure of the particles with and without siRNA, we utilized SAXS. In 
figure 3.5C, SAXS scans of cubosome and cuboplex solutions are shown in black and red curves. There are 
two main differences. First, intensities of Bragg peaks are decreased. This indicates that incorporation of 
siRNAs in cubic phase water channels weakens the ordering of bicontinuous cubic phase. In addition, 
siRNA inclusion shifts entire Bragg peaks into larger wavelength. In real space, the unit cell dimension is 
decreased from 20.4 to 19.1 nm by having siRNA in the structure. Change of the unit cell dimension is an 
indirect proof of siRNA incorporation in the cubosomes and has been observed in many cationic lipid-
siRNA complex systems. Combining with cryo-EM study in figure 3.5A and 3.5B, we can qualitatively 
understand the incorporation process. siRNA molecules are attracted by charged lipid membrane in 
cubosomes, and electrostatically adsorbed as we saw gold nanoparticles at the vicinity of the lipid 
membrane. 
The size of cubic phase particles before and after siRNA incorporation was characterized by DLS. The 
average size characteristics of cubosomes and cuboplexes are shown in figure 3.5D. The siRNA inclusion 
slightly decreased the average particle size from 201 to 193 nm while PDI was increased from 0.04 to 0.05. 
3.5.  Summary 
In this chapter, improved bottom-up approach is used to fabricate the monodisperse cubosomes. By 
utilizing staggered herringbone mixer, size controlled monodisperse emulsions down to 46 nm with PDI of 
0.05 are obtained. The emulsions are heat treated together with ethanol evaporation using the rotary 
evaporator to induce controlled fusion events between emulsions, and rearrangement of lipids to form a 
highly ordered bicontinuous cubic phase. With this approach, cubosomes with 201 nm size and low PDI 
(0.04) are obtained. The challenge here is to find the optimum window of lipid composition and rotary 
evaporator condition. It is found that 0.5 mol% GMOPEG or 1 mol% DOTAP compositional variation can 
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induce significant changes on both particle size and its structure. Cubosome size and structure is dictated 
by lipid compositions, but it also largely depends on the conditions of rotary evaporator. Even with the right 
lipid composition, evaporation in the rotary evaporator can affect the final average size and distributions of 
the particle. In general, it is important to continue the thermal treatment until the solution color becomes 
opaque but it needs to be stopped before macroscale cubosome aggregates are formed.  
Combining cryo-EM and SAXS results, we deduce the mechanism of cubosome formation. Initial 
emulsions contain a significant amount of ethanol inside. Upon thermal treatment, these small emulsions 
randomly fuse with each other to form 1D string or 2D sheet structures. Further thermal treatment leads to 
the formation of large 3D aggregated structures from the fusion events between 1D and/or 2D structures. 
Also, this is the stage where a majority of ethanol solvents is evaporated and bilayer structures are formed 
as confirmed by both cryo-EM and SAXS. At final stage of thermal treatment, this 3D aggregated structures 
are reorganized and become cubosomes without further fusion events. 
Second advance here is that we elucidate siRNA locations in the cubosome for the first time. Our previous 
study in chapter 2 was with bare siRNA, thus cryo-EM cannot visualize individual siRNA molecules. Here, 
siRNA molecules are conjugated with small gold nanoparticles (1.8 nm diameter) through thiol-gold bond. 
The gold nanoparticles are used as a contrast agent of cryo-EM for visualizing siRNA molecules. The 
siRNA-gold nanoparticle conjugates are purified successfully via gel electrophoresis and subsequent 
centrifugal purification steps. By incorporating monovalent siRNA-gold nanoparticles in cubosomes, a 
collection of gold nanoparticles is visible under the cryo-EM. The gold nanoparticles are present at the 
vicinity of lipid membrane regions, indicating it is attracted by charged lipid membrane. As predicted by 
many scientists, this indicates siRNA molecules are filling the water channels, and attracted nearby lipid 
membranes through coulombic interaction. This microscale interaction is also visible under the SAXS. The 
incorporation of siRNA in cationic lipid systems always reduce the unit cell dimension regardless of its 
phase, indicating siRNAs are attracting nearby lipid membranes. The DLS study also implies the siRNA 
inclusion not only change the unit cell dimension, but also decreases the overall particle size. Cubosomes 
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synthesized by conventional methods would not show this small difference due to their highly polydisperse 
size distributions. 
3.6.  Experimental Details 
Materials Glycerol monooleate (GMO) was purchased from Sigma Aldrich (MO, USA) and PEGylated 
GMO was custom designed and ordered from NOF America (NY, USA). 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP) was purchased from Avanti polar lipids (AL, USA). DOTAP and 
GMOPEG are dissolved in fresh chloroform solvent (Sigma Aldrich, MO, USA) at the desired 
concentration (DOTAP and GMOPEG: 25 mg/ml) and used without further purification. Citric acid capped 
1.8 nm diameter gold nanoparticle was purchased from Nanopartz (CO, USA). Su-8 2025 photoresist is 
purchased from MicroChem (MA, USA). Tetrahydrooctyl-dimethylchlorosilane was purchased from 
Gelest (PA, USA). 
Staggered Herringbone Mixer fabrication. Staggered herringbone mixer design was adopted for 
chaotic and complete mixing profile. As described in others, the SHM device was fabricated using 
conventional photolithography technique. Su-8 2025 negative photoresist was spin coated on the three-inch 
size wafer. Upon soft baking process (75 oC 3 min and 105 oC at 9 min), bottom channel pattern was formed 
through UV exposure using mask aligner (MJB3, SUSS MicroTec, Garching bei München, Germany). 
Pattern was then post-exposure baked at 75 oC 2 min and 105 oC at 7 min. After the bake process, the single 
channel pattern should be visible with bare eyes otherwise need more UV exposure. The second layer of 
Su-8 2025 was then spin coated on top of the first layer, and soft baked at 105 oC for 6 min. The second 
layer was than UV exposed, and post-exposure baked at 75 oC 1 min and 105 oC at 5 min. After confirming 
herringbone structure on top of the single channel, the sample was hard developed and hard baked at 150 
oC for 3 min. The feature dimension was 200 × 79 µm for the channel, and herringbone structure has height 
of 31 µm and thickness of 50 µm. 
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The fabricated feature on the wafer was then cleaned with oxygen plasma (Harrick plasma cleaner, 
Harrick plasma, NY, USA) for one minute, and the surface was treated with Tetrahydrooctyl-
dimethylchlorosilane to easily detach the PDMS mold. The PDMS solution was made by mixing 10 to 1, 
base to curing agent ratio. The PDMS solution was poured carefully on the surface treated pattern, and put 
in the vacuum to remove trapped bubbles inside. Once bubbles were removed, PDMS was cured at room 
temperature overnight, and carefully detached from the pattern. The three holes for two inlets and one outlet 
were made on PDMS using biopsy punch with 1 mm diameter. The PDMS was finally checked through 
optical microscope for defects, and bonded to the glass slide through oxygen plasma cleaner. Fabricated 
device was then washed with ethanol more than three times, and dried under vacuum before each use.  
Cubosomes and Cuboplexes Synthesis with SHM Device. The lipids solution was prepared in ethanol 
(10mM total lipid concentration) with a desired composition. The lipid solution and water were injected to 
the SHM device through two inlets, and syringe pump (NE-400, New Era Pump Systems, NY, USA) used 
to regulate the flow conditions. For most of the samples, we fixed flow condition as 0.05 ml/min of flow 
rate and 4 of flow rate ratio. Obtained emulsions were then collected in a glass vial. Typically, the 1.5 ml 
of lipid solution was used to fabricate one cubosome solution. Collected emulsion solutions were transferred 
into rotary evaporator (RV 10, IKA, NC, USA) using 50ml round bottom flask. The solution was then 
evaporated and thermally treated at 75 mbar and 57 oC condition for about 14 minutes. The color change 
was from transparent to white opaque solution (opaque enough to not see the behind letters), but there 
should be no macroscale precipitates. Resultant cubosome solutions were filtered with centrifugal filter 
(Nanosep 100K MWCO, Sigma Aldrich, MO, USA) to remove unreacted emulsions and used for DLS, 
SAXS and cryo-EM studies. Cuboplex solutions were prepared by simple mixing of siRNA and cubosome 
solutions. After a day from mixing, the solution was then purified three times with centrifugal filter 
(Nanosep 3k MWCO, Sigma Aldrich, MO, USA) to remove unbound siRNA. 
Small-Angle X-ray Scattering. Lipid solution samples were scanned with a Synchrotron SAXS at 
beamline 12-ID-B, Advanced Photon Source at Argonne National Lab. The synchrotron source has an 
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average photon energy of 14 keV with beam size of 300 µm x 20 µm (H x V). 2D scattering data were 
radially averaged upon acquisition on a Pilatus 300 K 20 Hz hybrid pixel detector (Dectris, Switzerland) 
and integrated using FIT2D software (http://www.esrf.eu/computing/scientific/FIT2D) from ESRF.  
Cryogenic Transmission Electron Microscopy. Lipid and lipid-siRNA complex solution samples for 
cryogenic transmission electron microscopy (JEOL 2100 cryo-TEM at 200 kV) were prepared on a lacey 
carbon-coated copper grid (Structure Probe Incorporation, PA) using semi-automated Vitrobot (Vitrobot 
Mark II, FEI). Briefly, 3 μL of 0.1M cubosome or cuboplex solution was casted on top of a carbon grid. 
The grid was then transferred to Vitrobot chamber that was at 100% humidity and at 25 oC. Rapid immersion 
of the grid into liquid ethane after two blotting process with 1 s blotting time effectively vitrifies the sample. 
Note that the samples should be kept under -170 oC until successfully transferred into the cryo-TEM 
instrument in order to prevent crystalline ice formation. The prepared sample was transferred to the cryo-
TEM with CT-3500 cryo transfer holder (Gatan, CA). The images are obtained at a defocus of ∼4000 nm. 
The higher magnification image was obtained by having smallest apertures to minimize electron beam 
damage on the sample. 
Particle Sizing. Particle size (Z-average) and polydispersity index (PDI) of the dispersions were 
determined using a dynamic light scattering instrument (90Plus particle size analyzer, Brookhaven 
Instruments Corporation) at an angle of 90 o. Measurements were performed at 25 oC and the data were the 
mean of three successive measurements of the same sample, and each data shown here is the average of 
three independent sample measurements. The dispersions were diluted with water to adjust the signal level 
if needed. The polydispersity index (PDI) is taken to be the width of the particle size distribution, and 





NIR BASED in situ PHASE TRIGGER DELIVERY SYSTEM 
 
Significant components of this chapter will be submitted as “Understanding nano-scale phase control: 
topology trigger delivery system” by Hojun Kim and Cecilia Leal.  
4.1. Introduction 
Cubosome is a great candidate for drug delivery vehicle, and its superior delivery efficiency through 
topologically active mechanism is discussed in detail in the chapter 1 and 2. Also, an effort has made to 
prepare monodisperse cubosomes and cuboplexes with detailed formation mechanism is studied in the 
chapter 3. Its nontoxicity and high fusogenic property are certainly interesting and offer a great opportunity 
for scientist to design efficient drug delivery system. 
Hexagonal phase is another thermodynamically stable phase where lipids assemble into narrow column 
structures, and those columns are hexagonally packed. Hexagonal phase can be either direct or inverse type 
depending on the direction of lipid head groups. Lipid head groups are aligned towards outside the column 
for direct type and inside for inverse type. There have been some efforts to utilize the hexagonal phase as a 
cellular delivery vehicle because of its strongest fusogenic property among lipid phases. It was found that 
hexagonal phase transfection efficiencies are independent from membrane charge density which is the only 
modulator of lamellar phase based delivery system (liposomes). It was also suggested that the outer layer 
of hexagonal phase particle (hexosome) is energetically unstable, thereby contributing a rapid fusion with 
cellular membrane4. Due to its strong fusogenic property, hexosomes found to fuse even directly with 
cellular membrane. The detailed structure of hexosome is not elucidated yet, but it is believed to have an 
outer lipid monolayer that covers large amount of hydrophobic area. The outer layer is far from its 
equilibrium curvature, meaning it is energetically unstable state. Despite of the superior delivery efficiency 
in vitro, there are significant challenges that limit the potential of hexosomes used as a cellular delivery 
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vehicle. First, high fusogenic property causes a significant cytotoxicity. Hexosomes are so fusogenic that it 
can even puncture the cell which leads to increased cytotoxicity4. Another problem is that there is no 
specific targeting ability on hexosome itself. Thus, making hexosome to fuse with only target cells at desired 
delivery step is required for a successful cellular delivery. Although hexosomes showed superior delivery 
efficiency in vitro, rapid aggregation in vivo limits its practical use31. When hexosomes are dispersed in 
blood plasma solution, hexosomes rapidly aggregate and cleared out. This is due to the unstable outer lipid 
layer and large hydrophobic tail area where it can be exposed to blood plasma proteins. In this aspect, 
designing a cellular delivery system that can trigger the phase to change into a hexagonal phase on demand 
will overcome the limiting factors of superior fusogenic property of hexosome. 
Stimuli-responsive delivery systems can release the cargo or affect the surrounding environment on 
demand with spatiotemporal control. Different types of stimuli were tested, including electromagnetic fields, 
heat, pH, chemical cues, and ultrasound84. One of the biggest challenges of nanomedicine is to release 
therapeutics only at the target site, at desired time points11. If these conditions are satisfied, we can eliminate 
side effects caused by minimizing drug dose at normal tissues. Also, controlling exact dosage at disease 
site will improve the efficacy of the treatment, and sequential release can improve patient compliance. 
Here, we aim to develop a stimuli-responsive phase trigger delivery system based on the understanding 
of topological effects. Specifically, we aim to hybridize small gold nanorods with cubosomes so that the 
nanodevice is sensitive to the near infrared (NIR) laser. Upon NIR laser irradiation, we expect to see the 
phase transition from the cubic phase to the hexagonal phase. Similar approach was reported by Fong et al., 
with mixture of cubosomes and gold nanorods85. Authors observed reversible phase transition, but the gold 
nanorods are not hybridized with cubosomes due to its large size thereby cannot be used in dilute system 
such as in vivo studies. With our strategy where gold nanorods are hybridized with lipid cubic phase via 
water channels, we can use the phase trigger delivery system at dilute regime. More importantly, we aim to 
extract dynamical information of fusion process with different phases; cubic and hexagonal. In addition, 
our nanodevice can utilize hexagonal phase in practical sense by transforming the particles into hexosomes 
only after the particles undergo endocytosis. In this way, nonspecific cytotoxicity and aggregation problems 
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can be solved. Lastly, this nanoscale phase transition system is novel and fundamentally interesting. 
Through combining cryo-EM and SAXS technique, detailed phase transition mechanism and gold nanorod 
assembly behavior in nanoscale can be elucidated.  
The goal of this chapter is to fabricate cubosome-gold nanorod hybridized nanodevice and study its 
response under NIR laser. Instead of particles, we started from bulk cubic phase to study the feasibility of 
our approach. We successfully confirmed the incorporation of gold nanorods in bulk cubic phase. In 
addition, we found reversible phase transition under NIR laser. With bulk cubic phase system, we confirmed 
gold nanorods can be incorporated in the lipid cubic matrix and it can be used as a heat source for thermal 
phase transition upon NIR laser irradiation. 
4.2. Synthesis of Small Gold Nanorod for Hybridization with Lipid Cubic Phase 
Gold nanoparticles have drawn big attention from different fields of science and engineering due to its 
controllable plasmonic and photothermal properties. In general, the higher the aspect ratio of gold 
nanoparticle is, the higher plasmonic wavelength and photothermal conversion becomes. Depending on the 
power density and type of the laser, gold nanoparticle solutions can easily heat up the solvent to the boiling 
point. Another interesting property is biocompatibility. Gold is one of the popular novel metals that has 
excellent corrosion and oxidation resistance. Also, many studies report its low cytotoxicity in its 
nanoparticle form. Combining its biocompatibility and tunable photothermal property leads the wide use 
of gold nanoparticles, especially in the field of biomedical engineering. 
Here, we aim to synthesize small gold nanorods that can be incorporated in the lipid cubic phase matrix 
without affecting its topology. The lipids used in this study have monoolein and myrj (99/1 mole ratio), and 
form primitive bicontinuous cubic phase (space group Im3m) with about 10 nm water channel diameter. 
Thus, we target to synthesize small gold nanorods with the diameter smaller than 10 nm. As primitive cubic 






To synthesize gold nanorods with specific size constraints, we utilized seedless small gold nanorods 
synthesis method reported by Ali et al. in 201286. We successfully obtained 6 x 22 nm gold nanorods with 
absorption of 810 nm. Its TEM image and distribution are shown in figure 4.1. Figure 4.1A shows TEM 
image of as-prepared gold nanorods. Interestingly, we observed a significant portion of gold nanorods with 
thick (~20 nm) layer. Very similar images were reported before with silica coating, but in the preparation, 
we did not have any silica precursors. The identity of the layer is not identified yet, but we speculated as an 
Figure 4.1. Small gold nanorod characterization. (A) TEM image of as synthesized small gold nanorods 
showing thick (~20 nm) layer of CTAB. (B) and (C) Selected TEM image of purified small gold nanorods (D) 
Absorption spectrum of purified small gold nanorods showing peak absorption at 830 nm, and 93 % absorption at 
808 nm wavelength. (E) Size distribution of small gold nanorods showing 6.0 (± 0.76) × 22.0 (± 5.3) nm. 100 
gold nanorods from 10 different section was number averaged. 
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aggregation of CTAB and some gold seeds. TEM with energy dispersive spectroscopy capacity can solve 
the mystery of the layer. After three centrifugal purification steps, we noticed removal of those layers, and 
representative TEM images are shown in figure 4.1B and 4.1C. The purified gold nanorods have peak 
absorption at 830 nm and 93 % of peak absorption at 808 nm as shown in figure 4.1D. The size distribution 
of synthesized gold nanorods is represented in figure 4.1E. The width has narrower size distribution than 
the length, and average aspect ratio is 3.67. 
As the next step, we tested how gold nanorods affect lipid cubic phases. First, we added a small gold 
nanorod solution to the dried lipid cake to hydrate the lipid cake as well as incorporate gold nanorods in the 
bulk lipid cubic phase matrix. Figure 4.2 shows SAXS scans of lipid cubic phase (GMO/Myrj 99/1 mole 
ratio, 0.5 M) at different gold nanorod concentrations. At 0.01 wt% AuNR concentration, SAXS scan shows 
no distinct gold structure. In the case of 0.1 wt% AuNR concentration, however, gold nanorods form factor 
is arising while cubic phase structure factor is still not affected (or buried) meaning gold nanorods are 
incorporated in the lipid cubic system as shown in the schematics in figure 4.2. However, at 1 wt% AuNR 
Figure 4.2. Effect of gold nanorods encapsulation on lipid cubic phase SAXS scan of small gold nanorods 
incorporated bulk lipid cubic phase (GMO/Myrj 99/1 mole ratio, 0.5M). At 0.1 wt%, gold nanorods form factor 
arise. In the case of 1 wt% gold nanorods, the lipid structure factor is significantly buried under the form factor of 
gold nanorods indicating segregation of gold nanorods out of lipid cubic phase. Schematic of possible gold nanorod 
position in the unit cell of lipid cubic phase is shown on the right. 
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concentration, gold nanorods segregated out of lipid cubic phase, and thus the form factor of gold nanorods 
and the structure factor of lipid cubic phase are contributing to the overall intensity independently. Thus, 
SAXS scan shows buried lipid cubic structure factor under the form factor of gold nanorods. One can also 
notice the spacing changes as gold nanorod concentration varies. From 0.01 to 0.1 wt% increase of AuNRs, 
unit cell dimension is decreased by 2.4 nm. Plausible explanation on this is that gold nanorods act as water 
attractor. Pure lipid cubic phase regions have lower water contents so that its unit cell dimension is 
decreased. In the case of 1 wt% AuNRs, we found unit cell dimension increased again and we attributed 
this expansion to the complete segregation of gold nanorods from the lipid matrix. 
For detailed structural study of lipid-gold hybrid system, cryo-EM images are obtained (0.1 wt% AuNR). 
In order to visualize the system under cryo-EM, the lipid concentration is now decreased to 0.1M to lower 
the viscosity. The resultant images are shown in figure 4.3. The cryo-EM images clearly show individual 
gold nanorods. As expected from SAXS scans, the gold nanorods are not aggregated/segregated at this 
concentration. The diffraction pattern corresponding to the area shown in figure 4.3C also identify the black 
rod as a gold nanorods (figure 4.3D). Here, gold diffraction peaks from (111) and (200) are marked as red 
circle. It is impossible to determine the 3D location of gold nanorods in the lipid matrix from a single 2D 
transmission image. However, high tilt series will allow 3D reconstruction of matrix, and thus will provide 










Figure 4.3. Structure of gold nanorod hybridized lipid cubic phase (0.1 wt% AuNR). (A)-(C) Cryo-EM 
images of AuNR hybridized bulk lipid cubic phases showing individual gold nanorods are incorporated in the lipid 
matrix. (D) Selected area electron diffraction pattern of the area shown in (C). Diffraction from gold nanorods are 





4.3. Effect of Lipid Composition and Concentration on Phase Transition Temperature 
Before exploring the phase transition from gold-lipid cubic hybrid system with NIR laser, effects of lipid 
composition and concentration on phase and transition temperature was explored. Based on SAXS and 
cryo-EM results, we fixed AuNR concentration to 0.1 wt%. For each set of lipid concentration and 
composition, we varied the temperature from 25 to 70 oC to find the phase transition temperature. The 
results are summarized in figure 4.4. Compared to GMO and Myrj, oleic acid has relatively small head 
group. When it is incorporated in the lipid bilayer, it increases packing parameter, which is the volume ratio 
of hydrocarbon tail to head group multiplied by tail length, and induces inverse hexagonal phase. As 
reported before in other studies, lower hexagonal phase transition temperature was observed as we 
incorporate more oleic acid. When Myrj was added to the system, it induces a phase transition from 
diamond to the primitive. This phase transition, induced by bulky head group incorporation, was reported 
previously10. Also, Myrj increases the transition temperature in general. We attributed this to the long PEG 
chain. PEG chain fills the water channel, and can act as a diffusion barrier when the assembly structure is 
Figure 4.4. Effect of lipid composition and concentration on phase space. SAXS scan summary of AuNR-lipid 
cubic hybrid system at (A) 7.5 and (B) 12 mol% oleic acid. Myrj shift phase towards primitive from diamond cubic 
phase. Total lipid concentration and oleic acid shift the phase from primitive to diamond, and hexagonal phase. 
The transition temperature is proportional to lipid total concentration and Myrj concentration, but inverse 
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transformed. Lastly, lipid concentration is found to favor inverse hexagonal phase and diamond phase over 
primitive. A slight increase of phase transition temperature is also observed. It is possible that PEG chains 
can draw more water from lipid channels as lipid concentration increases, thereby favoring inverse 
hexagonal phase.  
Based on understanding of the effects of lipid composition and concentration on phase behavior, we 
specifically chose two compositions with total concentrations of 0.5M. Each composition has 7.5 and 12 
mol% of oldie acid. We fixed Myrj at 1 mol% and the rest is GMO. As shown in figure 4.4A and 4.4B, we 
found diamond and primitive bicontinuous cubic phases from 7.5 and 12 mol% oleic acid, respectively. 
The two cubic phases undergoes phase transition towards hexagonal phase upon heating. 
4.4. NIR Responsive Diamond to Inverse Hexagonal Phase Transition 
Demonstration of NIR responsive phase transition was first performed with diamond cubic phase 
(GMO/Oleic acid/Myrj 91.5/7.5/1 mole ratio, 0.5M with 0.1 wt% AuNR). As a NIR light source, we used 
continuous wave 808 nm NIR CW laser. It has average of 178 mW output and can be focused into 1mm3. 
Figure 4.5 shows SAXS study of the bulk hybrid system under various laser irradiation conditions. Figure 
4.5A shows SAXS scan summary of the sample under 20 second pulse on and off NIR laser irradiation. 
Upon 20 second laser irradiation, the diamond cubic phase was completely transformed to hexagonal phase. 
When the laser was off, on the other hand, 20 second SAXS scan shows that the diamond cubic phase was 
recovered with residual hexagonal phase. This phase behavior was reproducible for three cycles of laser 
on/off. We also investigated if diamond cubic phase can be completely recovered after some amount of 
time. When the laser was off for five minutes, 20 second SAXS scan identify diamond cubic phase without 
any sign of residual hexagonal phase. From these phase behavior, it can be deduced that 20 second 
irradiation is enough to trigger a complete phase change to hexagonal phase while recovery takes more time. 
This asymmetric phase kinetics is already observed in monoolein system87. The kinetics of phase transition 
between cubic and hexagonal is suggested to largely depend on pore formation or adsorption process. 
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Interestingly when the laser is on after three pulses of laser and 20 minute break, a very weak Bragg peak 
from the primitive cubic phase was observed (figure 4.5D, indicated in red arrow). It can be due to the gold 
nanorods which might have been segregated out of the structure during repetitive phase trigger events.  
 
Figure 4.5. Phase trigger demonstration in bulk diamond cubic phase (GMO/Oleic acid/Myrj 91.5/7.5/1 
mole ratio, 0.5M with 0.1 wt% AuNR). (A) Phase response upon pulsed laser irradiation. Three pulses of laser 
are given to the system for 20 seconds. The complete phase transition from diamond to hexagonal phase is observed 
when the laser is on. On the other hand, hexagonal phase remains for 20 seconds but after 5 minutes of laser off, 
hexagonal phase is completely disappeared. (B) Schematics of phase transition between diamond and hexagonal 
phase (C) SAXS scan of the system when the laser is off (region shown in (A)). The unit cell of cubic phase is 
shrinking while hexagonal phase expanding. (D) 1D integrated SAXS scans of the system while laser is on show 
complete phase transition while 4th cycle show trace amount of cubic phase possibly from hysteresis. 
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Phase trigger by NIR laser also affect the unit cell dimension. For both diamond and hexagonal phase, 
NIR laser induce decrease of the unit cell dimension. This can be understood by the thermal effect of the 
laser. Also, the intermediate state where primitive and hexagonal phase coexist, shows expansion of the 
hexagonal phase unit cell parameter. From this, we can see a hint of the phase transition mechanism between 
diamond and hexagonal phase. As Reese et al reported, the diamond to hexagonal phase transition was 
accompanied with a decrease of lipid head group area and tail length for 12 and 4 %, respectively87. When 
laser is off, the system is under cooling condition. This will increase hydration per lipid, meaning the 
expansion of the hexagonal phase. The expanded pores start to fuse and rearrange themselves into diamond 
cubic phase. We attributed phase coexistence of shrunk diamond cubic phase and expanded hexagonal 
phase as a representation of this phase evolution. For details of study, we need a synchrotron SAXS where 
we can resolve the structure in much shorter time scale. 
4.5. NIR Responsive Primitive to Inverse Hexagonal Phase Transition  
Gold nanorod hybridized bulk primitive cubic phase (GMO/Oleic acid/Myrj 87/12/1 mole ratio, 0.5M 
with 0.1 wt% AuNR) was also tested with NIR CW laser. Figure 4.6A shows the phase response upon 20 
second laser pulses up to five cycles. As we expected from phase space in figure 4.4B, 20 seconds NIR 
laser exposure induce the phase transition towards hexagonal phase. In this case, five cycles of laser pulses 
induce a reversible phase transition between primitive and hexagonal phase. The variation of lattice 
parameter was dampened as repetition increases, but the phase response was same. The notable difference 
between primitive and diamond cubic phase is that primitive cubic phase is preserved even during the 20 
second laser exposures.  
In order to understand the difference and phase transition kinetics in the primitive cubic phase, phase 
behavior upon longer laser exposure and following cooling events are tracked under SAXS. Figure 4.6C 
shows the total of 240 second phase transition kinetics with initial irradiation of laser for 120 seconds and 
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following cooling for 120 seconds. The extended laser irradiation decreases unit cell parameter of both 
primitive and hexagonal phase for the first 80 seconds. After 80 seconds, the lattice dimensions of cubic 
and hexagonal phases are saturated to 10.8 and 4.8 nm for primitive and hexagonal phase, respectively. 
Figure 4.6. Phase trigger demonstration in bulk primitive cubic phase. (A) Phase response upon 5 laser pulses 
showing good response of the phase upon laser irradiation. It is found the unit cell variation upon pulse becomes 
dampened over repetitive laser irradiation. (B) Schematics of phase transition between primitive and hexagonal 
phase (C) Phase kinetics study upon laser on and off state. About 80 seconds of laser irradiation saturates unit cell 
parameter of both primitive and hexagonal phase. Cooling event also takes 60 to 80 second to equilibrate the lattice 
parameter. Upon cooling (laser off), hexagonal phase completely disappeared after 80 second. Relative intensity 
of first Bragg peaks from cubic and hexagonal are represented as filled and empty square which proportional to 
the phase amount in the system. (D) Five second SAXS scans of data shown in (C). Laser irradiation (top) induce 
increase of hexagonal phase Bragg peak (10) intensity while Bragg peak (110) from primitive cubic phase is 























































































































































When we consider the first Bragg peak intensity of each phase, cubic phase amount is dramatically reduced 
after 120 second irradiation. On the other hand, hexagonal phase amount is rapidly increased and saturated 
after 120 second irradiation. The laser is off after 120 second irradiation, and subsequent phase behavior 
upon cooling event was monitored for another 120 second. As shown in figure 4.6C, initial 20 second 
cooling event expands unit cell dimension 1.3 and 0.3 nm for primitive and hexagonal phase, respectively. 
In addition to this fast expansion, the equilibrium phase (primitive) is recovered after 60 to 80 second 
cooling time. We can clearly see that hexagonal phase is rapidly removed from the system while cubic 
phase is slowly recovered indicating asymmetric transition kinetics. The fact that cubic phase is keep 
recovering after complete removal of hexagonal phase also represents there is intermediate structure. 
The phase responses of diamond and primitive cubic phase are different in a way that primitive cubic 
phase is always preserved regardless NIR laser irradiation. Based on SAXS results, it seems primitive cubic 
phase is stable under NIR laser irradiation. In other words, energy barrier from primitive to hexagonal is 
higher than diamond to hexagonal phase. We can only determine the lattice dimension with in-house SAXS. 
If this system can be studied with an extremely bright and focused x-ray beam such as synchrotron, more 
information about phase transition kinetics can be obtained. 
4.6. Summary 
In this chapter, gold nanorods are hybridized with bulk cubic phase lipids and the structure of the system 
is investigated with SAXS and Cryo-EM. To make hybrid system, small gold nanorods (6.0 x 22.0 nm) are 
synthesized using seedless growth method with higher CTAB concentration. Structural study indicates the 
gold nanorods are rather homogeneously distributed, and there is solubility limit of gold nanorods to lipid 
cubic phase (0.1 wt%). To control the phase transition temperature, we also added oleic acid which favors 
hexagonal phase. At 7.5 and 12 mol% oleic acid, phase transition temperature at various lipid composition 
and concentration was studied with manual heating of the samples in the capillary. The transition 
temperature was successfully decreased to around 40 oC showing the feasibility of this approach in vivo in 
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terms of allowed temperature for our body. The phase kinetics of the hybrid system (GMO/Oleic acid/Myrj 
with 0.1 wt% AuNR at total 0.5M lipid concentration) shows a complete phase transition towards both 
hexagonal and cubic phase and it took around 60 seconds under 808 nm continuous wave laser irradiation. 
It was also found that initial transition is rather fast, and saturated within 20 seconds. 
4.7. Experimental Details 
Materials HAuCl4, cetyltrimethylammonium bromide, AgNO3, HCl, ascorbic acid, NaBH4, Glycerol 
monooleate (GMO) and oleic acid were purchased from Sigma Aldrich (MO, USA) and Myrj-100S was 
obtained from Croda (Snaith, UK). All materials were used without further purification. 
Small gold nanorod synthesis. Small gold nanorods were synthesized via seedless growth method. 2.5 ml 
of HAuCl4 (1.0 mM) was added to 5 ml of CTAB solution (0.2 M). Then, AgNO3 (250 µl, 4.0 mM) was 
added and the solution was gently shaken. Following this, HCl (9.6 µl, 37 %) was added to adjust pH to 1-
1.15. Then ascorbic acid (35 µl, 78.8 mM) was added to the solution and shaken until the yellow color 
disappear. Right after color change, ice-cold NaBH4 (7.5 µl, 10 mM) was added and left for reaction for 8 
hours. Obtained AuNR has 6.0 × 22.0 nm dimension. Resulting solution is then purified three times with 
centrifuge, and the peak absorbance was measured at 830 nm. 
AuNR-lipid hybrid system preparation. The hybrid system was prepared with modified lipid hydration 
method. The desired amounts of lipids are dissolved in chloroform, and dried under the stream of the 
nitrogen. After vacuuming overnight, the dried lipid cake was hydrated with gold nanorods solution and 
incubated three days at 40 oC, the sample underwent a weak vortex to disperse gold nanorods in the lipid 
matrix. 
Small-Angle X-ray Scattering. SAXS experiments were conducted in a home-built (with help of Forvis 
Technologies, Santa Barbara, CA, USA) equipment composed of a Xenocs GeniX3D Cu KR ultralow 
divergence X-ray source (1.54 Å /8 keV), with a divergence of ∼1.3 mrad. 2D diffraction data were radially 
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averaged upon acquisition on a Pilatus 300 K 20 Hz hybrid pixel detector (Dectris) and integrated using 
FIT2D software (http://www.esrf.eu/computing/ scientific/FIT2D) from ESRF.74,75 
Cryogenic Transmission Electron Microscopy. AuNR hybridized bulk cubic phase samples for 
cryogenic transmission electron microscopy (JEOL 2100 cryo-TEM at 200 kV) were prepared on a lacey 
carbon-coated copper grid (Structure Probe Incorporation, PA) using semi-automated Vitrobot (Vitrobot 
Mark II, FEI). Briefly, 3 μL of 0.1M hybrid system was casted on top of a carbon grid. The grid was then 
transferred to Vitrobot chamber that was set at 100% humidity and at 25 oC. Rapid immersion of the grid 
into liquid ethane effectively vitrifies the sample (3 blotting process with 2 seconds blotting time at offset 
of -2 mm). Note that the samples should be kept under -170 oC until successfully they are transferred into 
the cryo-EM instrument in order to prevent the formation of crystalline ice.  Prepared sample was 
transferred to the cryo-EM with CT-3500 cryo transfer holder (Gatan, CA). The images are obtained at a 
defocus of ∼4000 nm. Higher magnification image was obtained by using smallest apertures to minimize 





SUPRISING FINDINGS: SUPER-SWELLED LYOTROPIC SINGLE 
CRYSTALS 
  
Reprinted with permission from “Super-Swelled Lyotropic Single Crystals”, Hojun Kim, Ziyuan Song and 
Cecilia Leal, PNAS (2017).  
5.1. Introduction 
Lyotropic lipid bicontinuous cubic phases are thermodynamically stable materials3 described by infinite 
series of periodic minimal surfaces (lipid bilayers) that divide the 3D space into two distinct water 
domains88. In nature, lipid bicontinuous cubic phases have been identified in different cells and organelles 
such as mitochondria and the endoplasmic reticulum89–94.  
In addition to biocompatibility, lipid bicontinuous cubic phases have several structural advantages 
including isotropic molecular exchange, fusogenic ability, and high encapsulating power of both 
hydrophilic and hydrophobic molecules5–7,9. Important examples include nucleic acid loading for gene 
delivery applications9,10 and guiding of protein crystallization95. Other applications such as embedding of 
hard materials for directed assembly has been recently proposed as well96–98. A restrictive factor for the use 
of these lyotropic mesophases is the limited size of the unit cells and concomitant water channel diameters 
(dw = 5 nm)99. Finding strategies that result in expanded unit cells without compromising periodicity and 
ordering of lyotropic mesophases is a major  thrust a number of scientists is seeking to establish32,57,100,101. 
The original modulator of unit cell sizes is based on electrostatic repulsion between lipid bilayers. This 
can be done by incorporating charged lipids within the lipid mixture9,58. In this case, unit cell dimensions 
double the size (up to 23 nm) without loss of crystallinity.9 Another example is addition of lipids having 
headgroups that are covalently linked to bulky polymer chains such as polyethylene glycol (PEG-lipid)10. 
Cholesterol induces a decrease of curvature at the bilayer-water interface through lipid tail ordering as well 
as increase hydration of lipid head groups57,64,102. This molecular shape alteration makes the Gaussian 
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modulus of the lipid membrane less negative thereby increasing the unit cell dimension by a few 
nanometers. Barriga et al recently reported a highly-swelled 48 nm unit cell size bicontinuous primitive 
cubic phase through incorporation of both negatively charged lipids and cholesterol into a glycerol 
monooleate (GMO) membrane at 54oC32.  
Most soft materials self-assemble into polycrystalline mesophases yielding the typical X-ray ring 
diffraction patterns. However, several studies have reported that 3D bicontinuous cubic phases can exist as 
single crystalline materials. This is possible for binary mixtures of water and ethylene oxide 
surfactants103,104. More recently, GMO lipids dispersed in a binary solvent (water/butandiol) displayed 
different degrees of ordering depending on solvent ratio105. In these well-ordered systems the unit cell 
dimensions fluctuate between 10 nm (non-ionic surfactants) and 15 nm (lipid case). In fact, Bruinsma et al. 
postulated a swelling limit for primitive bicontinuous cubic unit cells at finite temperature. It was predicted 
that above a certain unit cell size (approximately 30 nm depending on bilayer thickness, bending rigidity, 
and temperature) large membrane fluctuations would damp periodicity and order of the bicontinuous cubic 
matrix106. 
In this work, we report super-swelled and stable bicontinuous cubic lipid structures with three kinds of 
minimal surfaces: primitive-Im3m, diamond-Pn3m, and gyroid-Ia3d. The unit cell dimensions (a) reach up 
to 68.4 nm. The process relies on fast organic solvent drying of a tri-component lipid cake having GMO, a 
charged phospholipid, and a PEG-lipid. Specifically, when chloroform is dried slowly at rotary vapor 
pressure (P = 780 mbar) and the lipid cake is subsequently hydrated with excess water 107, the bicontinuous 
cubic phase obtained is a primitive lattice type of regular unit cell dimensions a = 16.6 nm corresponding 
to water channels of dw = 6.5 nm 66. Conversely, if the lipid cake is dried fast (P = 380 mbar), hydration 
yields unit cell dimensions reaching a = 68.4 nm corresponding to water channels of dw = 38.1 nm 66. The 
process is schematically represented in figure 5.1A. A single unit cell is sketched such that the water 
channels are represented in blue and the mid-plane of the lipid bilayer is represented as a gray minimal 
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surface. We used a tri-component lipid mixture (Figure 6.2 shows the chemical structures of each lipid) 
composed of: 1.GMO, 2. net positively charged lipid (1,2-dioleoyl-3-trimethylammonium propane 
(DOTAP) or N1-[2-((1S)-1-[(3-aminopropyl)amino]-4-[di(3-amino-
propyl)amino]butylcarboxamido)ethyl]-3,4-di[oleyloxy]-benzamide (MVL5), and 3. custom-designed 
GMO lipid conjugated to 2 kDa polyethylene glycol (GMOPEG). The calculated volume of a lipid 
chloroform solution to achieve the desired molar fraction of each lipid component is added directly to a 1.5 
mm O.D. quartz capillary. The samples are then dried in a rotary evaporator at the desired pressures. We 
have previously established 10 that a GMO/DOTAP/GMOPEG lipid mixture at 95/4/1 mole ratios yields an 
equilibrium primitive bicontinuous cubic phase with lattice constant of a =16 nm. However, if chloroform 
is dried fast (using vacuum or a rotary evaporator) rehydration results in the same type of phase but swelled 
up to 4.3 times at room temperature. After storage over a few weeks, it was found that super-swelled 
bicontinuous cubic phases develop as 1 mm3 sized single crystals as shown in figure 6.1B. This 
Figure 5.1. Schematics of non-equilibrium lipid self-assembly and single crystal scattering. (A) Lipids 
(Glycerol Monooleate, a charged lipid, and a PEG-lipid) dissolved in chloroform are directly transferred to 1.5 
mm quartz capillaries. The chloroform is extracted at specific pressures to control evaporation rate. Upon 
hydration, the systems where chloroform was quickly and fully extracted yields unit cell sizes expanded 400 % 
compared to the equilibrium structure. (B) Schematics of a lipid super-swelled bicontinuous cubic single crystal 
and corresponding X-ray diffraction pattern. 
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indicates that it is possible to kinetically trap super-swelled states that remain stable and with maximum 
ordering. These results are in line with the general observation that meta-stability in lipid systems allow for 
additional control and diversity of the phase space 108. 
5.2. Effects of Drying Speed on Unit Cell Dimensions 
In order to explore the effect of organic solvent drying speed on unit cell dimensions we dried lipid 
mixtures dissolved in chloroform at different conditions. Figure 5.3A shows Small Angle X-ray Scattering 
(SAXS) data obtained for a ternary mixture of GMO/DOTAP/GMOPEG (95/4/1 mole ratio, 0.1 M) at 
varying drying conditions. Chloroform is dried off the lipid cake using a rotary evaporator operating at the 
pressures of 780, 580, and 380 mbar corresponding to approximately 24, 17, and 12 hours of drying time. 
All samples were further dried for over 48 hours and full solvent removal was confirmed by 1H-NMR 
(Figure 5.4). After drying, the lipid cake is exposed to excess water for at least two days at 45 oC before the 
structure is investigated by SAXS at room temperature. The SAXS I vs q data reveals a series of structure 
factor peaks at relative positions that are conserved as a function of drying speed (black-slow, red-moderate, 
and blue-fast) but shift to lower q values for faster drying conditions. For the slow drying sample, eight 
sharp Bragg reflections are observed, at the reciprocal lattice vectors q/(2π/a) = Ghkl/(2π/a) = (h2 + k2 + l2)1/2 
Figure 5.2. Chemical structure of lipids used in this study. 1.Glycerol Monooleate (GMO), 2. Net positively 
charged lipid: 1,2-dioleoyl-3-trimethylammonium propane (DOTAP), 3. Pentavalent lipid: N1-[2-((1S)-1-[(3-
aminopropyl)amino]-4-[di(3-amino-propyl)amino]butylcarboxamido)ethyl]-3,4-di[oleyloxy]-benzamide 
(MVL5), and 4. custom-designed GMO lipid conjugated to 2 kDa polyethylene glycol (GMOPEG). 
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= √2, √4, √6, √10, √12, √14, √16, and √18 corresponding to the [110], [200], [211], [310], [222], [321], 
[400], and [411] / [330] reflections, respectively. These Bragg reflections are unequivocally matched with 
a primitive bicontinuous cubic structure (space group - Im3m) with lattice constant a = 16.6 nm for slow 
drying (black line). This lattice structure and size is well matched with what was observed for the same 
system in our previous study 10. The peak indexes follow the Im3m structure rules: (i) hkl (h + k + l = 2n), 
Figure 5.3. Effect of drying speed and lipid composition. (A) Integrated SAXS data obtained for hydrated 
GMO/DOTAP/GMOPEG (95/4/1 mole ratio, 0.1 M) lipid cakes where chloroform was previously dried at three 
different pressures (780, 580, and 380 mbar for black, red, and blue lines respectively). The Bragg peaks 
correspond to the [110], [200], [211], [310], [222], [321], [400], and [411] / [330] reflections, of a bicontinuous 
primitive-Im3m cubic phase. The peaks shift to higher q as drying speed is increased meaning largest unit cell size 
(a = 68.4 nm) obtained at the fastest drying speed (380 mbar, blue line). (B) Integrated SAXS data of 0.1 M 
hydrated lipid samples prepared by non-equilibrium assembly at different lipid compositions. In the GMO/water 
binary system (black line), primitive and diamond cubic phases (QIIP+QIID) of regular spacings are observed. The 
Bragg peaks QIIP and QIID phases are indexed in pink and black colors, respectively. 1 mol % addition of GMOPEG 
induces a phase change into QIIP without super-swelling (red line). DOTAP addition (4 mol %, blue line) induces 
super-swelling of the primitive cubic phase. Decreasing DOTAP content (1.5 mol %, green line) results in a 
primitive to diamond (QIIP QIID) cubic phase change where both are super-swelled. When DOTAP is substituted 
with pentavalent lipid MVL5 (GMO/MVL5/GMOPEG 95/4/1, orange line), highly swelled and ordered gyroid 
phases (QIIG) with a = 64.4 nm are observed. A cartoon of the different unit cells (QIIG, QIID, and QIIP) is represented 
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(ii) 0kl (k + l = 2n), (iii) hhl (l = 2n), (iv) h00 (h = 2n), and (v) hkl (k, l = 2n) (with permutable h, k, l and n 
is an integer) 53. For the sample where chloroform was extracted at moderate speed (P = 580 mbar, red 
curve), upon water addition, eight Bragg peaks at the same relative positions are obtained but the lattice 
spacing increased to a = 2√2π/q110 = 29.5 nm. When we further increase the evaporation speed by reducing 
the pressure to 380 mbar, the Bragg peaks move to even lower q values, q110 = 0.13 nm-1, corresponding to 
a = 68.4 nm lattice spacing. This surpasses the previously reported enlarged unit cell dimension (a = 48 nm) 
of a bicontinuous cubic phase (space group Im3m) composed of GMO/cholesterol/DOPS  (1,2-dioleoyl-sn-
glycero-3-phospho-L-serine) (65/30/5 mole ratio at 54 oC) 32. It is noteworthy that the Bragg reflections 
have analogous linewidth regardless of drying speed indicating that the obtained bicontinuous cubic phases 
after hydration display similar and high degree of ordering. 
5.3. Origin of Super-swelling: Charged Lipids 
Bicontinuous cubic gyroid phases composed of GMO and small amounts of DOTAP have been shown 
before to swell up to 23 nm9. While a pure GMO lipid would only be stable in a gyroid phase at low water 
content and the diamond phase at high water content, addition of charged DOTAP enabled the stabilization 
of the gyroid in excess water. The mechanism behind the additional swelling is electrostatic repulsion 
Figure 5.4. 1H NMR spectrum of a GMO lipid cake where chloroform was dried for 48 hours. (500 MHz, in 
CD2Cl2). 1H NMR (CD2Cl2): To determine whether there is leftover chloroform residues after drying, the dried 
lipid cake was dissolved in anhydrous CD2Cl2. From the 1H NMR spectrum, no obvious peak was observed around 
7.32 ppm, indicating complete removal of chloroform. 
66 
 
between positively charged membranes. To understand the effect of lipid composition we fixed fast drying 
conditions using the rotary evaporator at P = 380 mbar and prepared hydrated lipid cakes (0.1 M) with 
different lipid molar percentages. We used four additional combinations to the one shown in figure 5.3A. 
The obtained SAXS data is shown in figure 5.3B corresponding to : i) GMO (black line) ii) GMO/GMOPEG 
(99/1, red line), iii) GMO/DOTAP/GMOPEG (95/4/1, blue line, sample as in figure 5.3A),  iv) 
GMO/DOTAP/GMOPEG (97/1.5/1, green line), and v) GMO/MVL5/GMOPEG (95/4/1, orange line). 
Surprisingly, for the GMO-water binary system (figure 5.3B, black line), we found coexistence of primitive 
and diamond bicontinuous cubic phases (QIIP + QIID) at fast chloroform drying conditions. For the diamond-
Pn3m cubic phase (QIID), there are six sharp peaks found with ratios of √2, √3, √4, √6, √8, and √9 
corresponding to the [110], [111], [200], [211], [220], and [221] reflections, respectively (indexed peaks in 
black color). These indexes also follow the Pn3m cubic structure rules: (i) hkl (h + k + l = 2n) (ii) hkl (h + 
k, h + l, k + l = 2n) (iii) 0kl (k + l = 2n), and (iv) h00 (h = 2n) (with h, k, l permutable and n is an integer) 
with the additional primitive cubic phase (six Bragg peaks are indexed in pink color).53 It is noteworthy that 
the primitive bicontinuous cubic phase has not been observed previously in pure GMO-water binary 
systems and is not expected to occur as a thermodynamically stable phase in the GMO-water phase 
diagram109. This indicates that the obtained primitive bicontinuous cubic phase is a kinetically trapped state 
arising from fast drying of chloroform. When we incorporate 1 mole % of GMOPEG into the GMO-water 
binary system at 0.1 M total lipid concentration, a pure primitive bicontinuous cubic phase (QIIP, figure 
5.3B, red line) is observed, exactly matching with our previous studies10. In this case, it seems that the 
GMO/GMOPEG system is not affected by drying speed of the organic phase and the unit cell dimensions 
are retained at a = 15.6 nm. This observation is consistent with a picture where sluggish PEG-lipids inserted 
in the membrane dampen any kinetic effects of fast drying. The incorporation of DOTAP (4 mole%) in the 
system (figure 5.3B, blue line) leads to a swelling of the primitive phase under fast organic solvent drying 
as described in figure 5.3A. Interestingly, decreasing the amount of DOTAP to 1.5 mole % (figure 5.3B, 
green line) leads to a super-swelled bicontinuous cubic phase with unit cell dimensions (a = 40.0 nm) but 
of the diamond type-Pn3m (QIID). From these results we can infer that the presence of charged lipids 
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enhances the kinetic effects on establishing the swelling extent of lipid structures. Importantly, the 
membrane charge density seems to determine what type of unit cell is preferred.  To test this hypothesis we 
prepared a tri-component lipid mixture where 4 mole% of the univalent charged lipid DOTAP is substituted 
by a multivalent (five positive charges) lipid-MVL5. The SAXS scan for a GMO/MVL5/GMOPEG (95/4/1 
mole ratio, 0.1 M) sample (figure 5.3B, orange line) reveals a large unit cell bicontinuous cubic phase upon 
water addition a = 64.4 nm. Interestingly the Bragg peaks that are consistent with a bicontinuous gyroid-
Ia3d cubic phase (QIIG). Eight intense Bragg reflections are observed at the ratios of √6, √8, √14, √16, √20, 
√22, √24, and √26 corresponding to [211], [220], [321], [400], [420], [332], [422], and [431] plane 
reflections, respectively. The observed X-ray reflections are completely satisfying the gyroid bicontinuous 
cubic structure of Ia3d space symmetry rules: (i) hkl (h + k + l = 2n), (ii) 0kl (k, l = 2n), (iii) hhl (2h + l = 
4n), and (iv) h00, h = 4n (where h, k, l are permutable and n is an integer)53. A cartoon of the QIIG, QIID, and 
QIIP unit cells where a mid-plane of a lipid bilayer is represented by a gray surface separating two 
independent water domains (blue and orange) is represented in figure 5.3A.  With these results, we have 
now established that the presence of a charged lipid determines the ability of a bicontinuous cubic phase to 
super-swell upon hydration of a lipid-cake subjected to fast solvent extraction and that the symmetry of the 
bicontinuous cubic phase depends on membrane charge density. Higher charge density leads to gyroid 
phases (QIIG) being stable in excess water, followed by primitive lattices (QIIP), and then diamond lattices 
(QIID). In our previous studies, we found that an increased fraction of charged lipids (increased repulsion 
between membranes) leads to a phase transition from primitive to gyroid due to the larger unit cell size and 
higher membrane area per unit cell10. In this context, the large gyroid obtained with MVL5 can be 
understood in a similar manner. At this stage, we are not exactly sure why the drying speed of the organic 
solvent would have such a dramatic effect on the swelling ability of bicontinuous cubic phases but our data 
supports that it arises by combinatorial effects of the presence of charged lipids under fast drying of 
chloroform. One could suggest that membranes comprising these three components: i) GMO, ii) cationic 
phospholipid, and iii) PEGylated lipids are capable to yield liquid-liquid phase separation110–113. Upon 
dissolution of the lipid components in chloroform and under fast drying there could be a spinodal 
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decomposition of the lipid mixture where some areas of the membrane are set at higher molar content of 
cationic lipids than others. This would lead to an enhanced swelling onset upon water addition. With time, 
lipids might diffuse fast within the fully hydrated membranes leading to an equalized membrane 
composition throughout the membrane. 
In order to rule out the possibility that large bicontinuous cubic phase lattices arise due to 
degradation of lipid components, we performed NMR and MALDI-TOF MS characterization of all lipids 
used in the study. As shown in figure 5.5, the molecular structure of all lipids remains unaltered as verified 
by 1H NMR, which eliminates the possibility of degradation via hydrolysis of ester groups and/or oxidation 
of olefins. In addition, the MALDI-TOF MS in figure 5.6 results also validate the structure of GMO-PEG, 
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5.4. Stability of Super-swelled Lyotropic Bicontinuous Cubics 
If the super-swelled bicontinuous cubic phase is a metastable state as we hypothesize, dehydration of the 
lipid structure followed by slow rehydration should result in rearrangements of the unit cell dimensions. 
We dried out a GMO/DOTAP/GMOPEG (95/4/1 mole ratio, 0.1M) with unit cell dimensions of a = 68.4 
nm for 7 days in the desiccator. The loss of weight was about 9 mg corresponding to 90% of original water 
Figure 5.5. (Cont.) 
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Note: some peaks from the oleyl group are invisible since they overlap with the protons on PEG methylene groups. 
Figure 5.6. MALDI-TOF MS spectrum of GMOPEG. The obtained m/z shown in the table on the right agrees 
very well with the calculated value ([GMOPEG + Na]+, 379.28+44.05 × n, where n represents the degree of 
polymerization of PEG). 

















weight. We rehydrated the dry lipid cake with Millipore water for two days before inspecting the structure 
by SAXS. Figure 6.7A displays SAXS scans of a GMO/DOTAP/GMOPEG (95/4/1 mole ratio, 0.1M) 
system before and after rehydration. Both SAXS scans are consistent with a primitive bicontinuous cubic 
phase (QIIP) with different unit cell spacing. As expected, the unit cell dimension is dramatically decreased 
from 68.4 nm to 30.2 nm. There is a certain level of hysteresis and we observe that the extent of swelling 
of the rehydrated sample is still higher compared to what is obtained for the equilibrium phase (a = 16 nm). 
We believe that this hysteresis is a result of being very hard to fully extract water from the lipid matrix. 
  
A natural follow-up question concerns the temporal stability of the super-swelled bicontinuous cubic 
phase which will ultimately determine its practical use. To answer this, we stored a flame sealed capillary 
containing the large bicontinuous cubic phase sample at 25oC for 3 months and performed SAXS structural 
investigations. Figure 5.7B shows 2D SAXS scattering patterns of fresh (Left) and a three-months old 
(Right) sample. The “fresh” sample showed three clear polycrystalline rings corresponding to the [110], 
[200], and [211] primitive lattice plane reflections and outer weak rings corresponding to higher order 
Figure 5.7. Metastability of super-swelled bicontinuous cubic phases. (A) 1D integrated SAXS data obtained 
for the GMO/DOTAP/GMOPEG (95/4/1 mole ratio, 0.1 M) system at original hydration (black-line). This sample 
is subjected to water removal and subsequent rehydration (red-line). SAXS scans reveal that rehydration does not 
affect phase symmetry (QIIP) but it results in smaller unit cells from a = 68.4 to a = 30.2 nm. (B) 2D SAXS 
diffraction planes of a super-swelled primitive cubic phase (GMO/DOTAP/GMOPEG 95/4/1, 0.1 M) showing 
increasingly ordered structures over time (fresh vs 3 months). 
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diffraction peaks. To our surprise the sample that was stored for three months yields a diffraction pattern 
consisting of crystalline spots instead of rings at the same q position. This indicates that the super-swelled 
bicontinuous cubic phase is stable with time and gets increasingly ordered (towards single crystal) with 
storage. Similar ordering in non-ionic surfactant systems has been reported previously when samples are 
stored for several months104.  
5.5. Becoming Single Crystal Lyotropic Phases: Analogous to Ostwald Ripening 
To evaluate the development of single crystal like diffraction patterns of the super-swelled bicontinuous 
cubic phases we performed Synchrotron SAXS scans on samples that rested for extended periods of time. 
Figures. 5.8A and 5.8B displays the scattering patterns of a super-swelled bicontinuous diamond – Pn3m 
cubic phase (QIID) with the composition GMO/DOTAP/GMOPEG (97.5/1.5/1 mole ratio, 0.1M) that was 
examined after 6 weeks storage. The scattering patterns observed are no longer consistent with a 
polycrystalline sample. Instead, a polygon pattern is clearly visible with diffraction spots perfectly indexed 
to the Pn3m Miller planes as indicated in the figures. 5.8A and 5.8B. These pattern features are present 
throughout the entire sample volume of ~ 1 mm3 indicating the existence of a single crystal (Appendix F 
shows diffraction patterns at different spatial locations and rotations). 2D Synchrotron SAXS scan images 
from different locations of the single crystal are shown in figures. 5.8A and 5.8B. In figure 5.8A, 9 intense 
Bragg peaks are indexed up to {330} through Ewald sphere construction (see supplementary information 
for detailed indexing and orientation determination). The top right corner schematics show the direct beam 
direction as [-1 1 1] in the unit cell determined by plotting the scattered planes in reciprocal space (see 
supplementary information for details). A simulated scattering pattern is also represented in the bottom-left 
corner inset revealing a perfect match with the measured diffraction pattern. In figure 5.8B, 24 Bragg peaks 
up to {332} obtained with direct beam direction of [1 -1 0] unequivocally demonstrate the single crystal 
nature of this sample. The simulated diffraction pattern on the bottom left inset is also 
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perfectly matched with the experimental diffraction pattern. One can note that in between Bragg spots there 
is a diffuse scattering streak that presumably arises due to dynamics in super-swelled single crystals104. 
Exploring this diffuse scattering signal can yield invaluable information about membrane fluctuations in 
lipid bicontinuous cubic structures, which should have a determining role in establishing swelling limits. 
This study is one we are pursuing outside the scope of this manuscript.   
It is noteworthy that while the observation of lyotropic bicontinuous lipid/surfactant single crystals in 
bulk 103,105,114,115 as well as preferential alignment in films 6,116–118 is not unprecedented, it is the first time 
that these single crystals are encountered in a dramatically swelled up state at room temperature. The unit 
cell dimensions of these single crystals are expanded 400 % compared to previous reports without any loss 
in crystallinity, confronting all predicted theories of membrane fluctuations impairing ordering of large 
bicontinuous cubic unit cells of lipids. Importantly, compared to previous efforts where single crystals are 
prepared from isotropic phases, our method has distinct differences. Through the SAXS scans of the entire 
capillary we found that there is only a single phase with different orientations a few days following 
hydration. As the initial samples show diffraction patterns characteristic of partially ordered systems (figure 
Figure 5.8. Single crystal diffraction. 2D SAXS scans obtained from 6 weeks old samples 
(GMO/DOTAP/GMOPEG 97.5/1.5/1 mole ratio, 0.1 M). (A) Single crystal aligned with direct beam at [-1 1 1] 
direction showing 9 sharp Bragg spots. A simulated scattering pattern (bottom left) is well matched with the data. 
(B) Single crystal aligned with direct beam at [1 -1 0] direction displaying 24 intense Bragg peaks. A simulated 











































5.9), we believe that our super-swelled bicontinuous cubic phase single crystals are not emerging from 
isotropic phases but rather from fusion of micro-crystallites. 
 
We have used Cryogenic Transmission Electron Microscopy (Cryo-EM) to obtain real space imaging of 
the bicontinuous cubic phases 94. The results are shown in figures. 5.10A and 5.10B for a super-swelled 
single crystal and regular spacing polycrystal, respectively. In figure 5.10A highly swollen membranes 
elongated into one direction are observed. The lattice constant is measured at about 41 nm which is well 
matched with the SAXS data. In addition, there is an indication of highly fluctuating membranes that is 
consistent with the SAXS diffraction patterns having diffuse scattering streaks. A Fourier transform to the 
large fluctuating unit cell yields a small reciprocal pattern that is not very informative. A simulation of the 
diamond-Pn3m minimal surface in the [110] direction is shown in the right image and is well matched with 
the Cryo-EM result. Figure 5.10B shows a Cryo-EM image of a diamond-Pn3m bicontinuous lipid cubic 
phase with regular unit cell dimensions. In this case the image displays a polycrystalline pattern of regularly 
ordered membranes. Fourier transformation one microcrystallite (red box region) yields a well defined 
Figure 5.9. Initial SAXS diffraction pattern of super-swelled bicontinuous diamond cubic phase. The 2D 
SAXS scan image shows a partially aligned polycrystalline structure for the GMO/DOTAP/GMOPEG (97.5/1.5/1 
mole ratio, 0.1 M) system. 
y t = 0 weeks 
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diffraction pattern analogous to that observed by SAXS and the extracted unit cell size is a = 16.7 nm. Also 
in this case the simulated minimal surface in the [100] direction is well matched with the observed Cryo-
EM image 94. More Cryo-EM images of these systems are available in Appendix G. 
5.6. Incorporation of Large Biological Solutes 
As a model of a large biological solute, we investigated the encapsulation power of the super-swelled 
bicontinuous cubic phases of 10 nm citric acid capped gold nanoparticles. If gold nanoparticles are 
segregated out of the lipid bicontinuous cubic phase, the SAXS data would appear as a structure factor 
signal from the lipid that is buried by a large form factor line arising from gold nanoparticles. In figure 5.11, 
however, we observed intense Bragg peaks from a bicontinuous lipid cubic phases containing three different 
gold nanoparticle concentrations. Upon addition of 0.3 wt% amount of gold nanoparticle into a super-
swelled bicontinuous diamond cubic phase (QIID, lipid), we observed a phase change into the bicontinuous 
primitive cubic phase (QIIP, AuNP) with a 4.4 nm increase in lattice parameter (aAuNP = 44.4 nm). Further 
increase of gold nanoparticle concentration leads to phase change into the gyroid (QIIG, AuNP) structure with 
increased lattice constant of aAuNP = 59.3 nm and aAuNP = 67.2 nm for 1.5 wt% and 3 wt%, respectively. It 
is noteworthy that a similar phase evolution trend was observed previously with increasing contents of 
lipids with augmented inter-headgroup repulsions (charged or polymer conjugated lipids)10. This 
Figure 5.10. Cryo-EM imaging of bicontinuous cubic phases. (A) Super-swelled QIID single crystal showing 
fluctuating membranes with lattice parameter, a = 41 nm. A simulated image at the (110) plane is well matched 
with the data. (B) Regular sized QIID polycrystal (a = 16.7 nm). A simulated image at the (100) plane is perfectly 
matched with the data. The simulated images in both (A) and (B) were generated in POV-Ray (45) using the level-





encapsulation experiment clearly demonstrates that super-swelled bicontinuous cubic phases are suitable 
for applications where large drug molecules or proteins are required to be embedded within the bicontinuous 
cubic network such as drug delivery and protein crystallization.  
5.7. Summary 
Through a thorough SAXS and Cryo-EM study of lipid systems of varied composition and conditions of 
organic solvent drying we discovered a methodology to manufacture metastable super-swelled 
bicontinuous cubic single crystals. Under fast drying conditions of organic solvents, tri-component lipid 
Figure 5.11. Demonstration of large solute encapsulation in super-swelled bicontinuous cubic phases. 1D 
integrated I vs q data of GMO/DOTAP/GMOPEG (97.5/1.5/1, 0.1 M) with three different gold nanoparticle 
concentrations (0.3, 1.5, and 3 wt% for black, red, and blue lines respectively). At 0.3 wt% gold nanoparticle 
concentration, a diamond to primitive phase change with 4.4 nm increase in lattice parameter (aAuNP = 44.4 nm) is 
observed. This is a clear indication of successful incorporation of nanoparticles within the lipid matrix. Increased 
gold nanoparticle concentration (1.5 wt%) induces another phase change to a gyroid. Further increase of gold 
nanoparticle concentration (3 wt%) expands the unit cell dimension to 67.2 nm. The illustration depicts the QIID 
 QIIP,AuNP  QIIG,AuNP phase transition as a function of increasing amounts of gold nanoparticles (yellow sphere) 
within the aqueous channels (represented in blue) of the lipid bicontinuous cubic phases (mid-plane of membrane 
represented as a gray surface). It is noteworthy that a similar phase evolution trend was observed previously with 
increasing contents of lipids with augmented inter-headgroup repulsions (charged or polymer conjugated lipids, 
Kim and Leal (2015) ACS Nano 9:10214–10226). This encapsulation experiment clearly demonstrates that super-
swelled bicontinuous cubic phases are suitable for applications where large drug molecules or proteins are required 




cakes containing GMO, a charged lipid, and a PEG-lipid swell up in excess water to dimensions never 
encountered before (unit cell dimensions a = 68.4 nm). Importantly, the super-swelled bicontinuous phases 
can develop a perfect single crystals exceeding 1 mm3 in size. While the inclusion of charged lipids 
determines the super-swelling capacity, membrane charge density is a modulator of the symmetry of the 
phase. As a result, super-swelled lipid bicontinuous gyroids, which are traditionally found at very low water 
contents, can be stabilized in excess water for membranes with high charge density. At this time, we cannot 
fully underpin the mechanism behind the extraordinary swelling capacity of lipid cakes subjected to fast 
organic solvent extraction but it is conceivable that lipids unevenly partition within the membranes upon 
drying leaving “highly charged spots” acting as proficient water attractors. 
5.8. Experimental Details 
Materials: Glycerol monooleate (GMO) was purchased from Sigma Aldrich (MO, USA) and PEGylated 
GMO was custom designed and ordered from NOF America (NY, USA). All other lipids including 1,2-
dioleoyl-3-trimethylammonium propane (DOTAP) and N1-[2-((1S)-1-[(3-aminopropyl)amino]-4-[di(3-
amino-propyl)amino]butylcarboxamido)ethyl]-3,4-di[oleyloxy]-benzamide (MVL5) were purchased from 
Avanti polar lipids (AL, USA). All lipids are dissolved in fresh chloroform solvent (Sigma Aldrich, MO, 
USA) at the desired molar ratios and concentration (GMO: 50 mg/ml, DOTAP and GMOPEG: 25 mg/ml, 
and MVL5: 10 mg/ml). Citric acid capped 10 nm gold nanoparticle was purchased from Sigma Aldrich 
(MO, USA). 
Non-equilibrium assembly method:  
1. Formation of dry lipid cakes: The key feature of non-equilibrium assembly is fast organic solvent 
evaporation out of lipid mixtures prepared directly in a quartz capillary. First, the desired amount of each 
lipid in chloroform is transferred into 1.5 mm quartz capillaries (Hilgenberg, Germany). To ensure there is 
no residual lipids in the wall, quartz capillaries are then centrifuged at 3908.5 G and 25oC (Sorvall ST 16R, 
Thermo Fisher Scientific, MA, USA) for 2 minutes. The centrifuged solution in the capillary is about 5 mm 
78 
 
in length. The capillary is then placed inside of a rotary evaporator (RV 10, IKA, NC, USA) at desired 
pressure and temperature. For this study, we fixed the temperature at 25oC and varied pressure inside from 
380 to 780 mbar. An oil free pump (MaximaDry, Thermo Fisher Scientific, MA, USA) is used to regulate 
the inside pressure of the rotary evaporator. The chloroform dries out while the sample is rotating inside of 
the rotary evaporator and drying takes approximately 24, 17, and 12 hours for 780, 580, and 380 mbar, 
respectively. This drying time was calculated by monitoring the point at which there is no mass change 
(0.01 mg step scale) and no visible volume change. In order to ensure full removal of chloroform from the 
dried lipid cakes, all samples are further dried for more than two days. During the drying process, the 
solution doesn’t leave any visible track on the wall. When properly dried, lipid cakes are half-transparent 
and located at the very bottom of the capillary. There are no visible lipid residues in the walls after drying 
(please refer to the bottom picture).  
 
2. Lipid-cake hydration: Fully dried samples are hydrated by adding Milli-Q water (Millipore, MA, USA) 
to make a solution of 0.1 M final concentration (3.86 w/w% of lipid/water for 95/4/1 mole ratio of 
GMO/DOTAP/GMOPEG). The samples are then centrifuged at 3908.5 G for more than 10 minutes (Sorvall 
ST 16R, Thermo Fisher Scientific, MA, USA) to ensure efficient water penetration through dried lipid 
cakes. To prevent water evaporation that changes the lipid concentration, we flame-seal capillaries. The 
total length of flame-sealed capillaries is about 6 cm. Finally, the samples are stored at 45 oC for at least 
two days before inspection. The inspection of the structures is conducted after the samples equilibrate at 




room temperature for a couple of hours. Properly prepared samples are always transparent at all points after 
incubation.  
Small Angle X-ray Scattering: Hydrated samples were scanned using a home built (with the help of Forvis 
Technologies, CA, USA) small angle X-ray scattering machine composed of a Xenocs Genix3D Cu-Ka X-
ray source (1.54 Å /8 keV), with ultra-low divergence of ∼1.3 mrad. 2D diffraction data were radially 
averaged upon acquisition on a Pilatus 300 K 20 Hz hybrid pixel detector (Dectris, Switzerland) and 
integrated using FIT2D software (http://www.esrf.eu/computing/scientific/FIT2D) from ESRF. For MVL5 
samples and single crystal scattering data, we performed transmission SAXS scans at beamline 12-ID-B, 
Advanced Photon Source at Argonne National Lab. The synchrotron source has an average photon energy 
of 14 keV with beam size of 300 µm x 20 µm (H x V). 
Cryogenic Transmission Electron Microscopy: Bulk lipid cubic phase samples for cryogenic 
transmission electron microscopy (JEOL 2100 Cryo-TEM at 120 kV) were prepared on a lacey carbon-
coated copper grid (Structure Probe Incorporation, PA) using a semi-automated Vitrobot (Vitrobot Mark II, 
FEI). Briefly, bulk lipid cubic phase samples were collected from flame sealed quartz capillaries by 
breaking them and 3 μL of 0.1 M samples was casted on top of a carbon grid. The grid was then transferred 
to a Vitrobot chamber at 100 % relative humidity and 4 oC. After blotting 3 times with 2 seconds blotting 
time, rapid immersion of the grid into liquid ethane effectively vitrifies the sample. Note that the samples 
should be kept under -170 oC until successfully transferred into the Cryo-TEM instrument in order to 
prevent crystalline ice formation. The images are obtained at a defocus of ∼4000 nm. 
POV-Ray Simulation: The diamond bicontinuous cubic phase (D) surface was generated using the level-
set equations (Wohlgemuth et al., (2001) Macromolecules 34:6083–6089). By rotating the unit cell, we can 
generate a set of different images that can be used to match observed TEM data. Once we find the best 
match, thickness of the unit cell and number of unit cells are simulated to exactly match the observed 




SUMMARY AND FUTURE WORK 
 
In this thesis, cubosomes were successfully synthesized via both ultra-chilled sonication and 
microfluidics channel device. The cubosomes prepared from microfluidics channel device are 
monodisperse (PDI of 0.04), and detailed mechanism of formation is revealed by combination of SAXS 
and cryo-EM study. It was found that small emulsions (~50 nm) fuse with each other to form 1D and 2D 
clusters at initial thermal treatment (4 minute) at 75 mbar and 57 oC condition. At 8 minute, 3D 
intermediates with clear bilayer structure were formed. Further 6 minute treatment produced well-ordered 
and monodisperse cubosomes with 200 nm diameter. SAXS scan revealed that the structure factor from 
ordered bicontinuous cubic phase emerged after 12 minute thermal treatment, which was consistent with 
cryo-EM observations. With monodisperse cubosomes, effect of siRNA incorporation on cubosome 
structure and size were also investigated. It was found that siRNA inclusion shrinks not only unit cell 
dimension (1.3 nm), but also particle size (8 nm). The presence of siRNA is also confirmed by cryo-EM 
using contrasting agent, small gold nanoparticle (1.8 nm diameter). Cryo-EM also reveals ordered 
cuboplexes structures with gold nanoparticles preferentially located near the lipid bilayer. We interpreted 
that coulombic attraction between positively charged membrane and negatively charged siRNA holds gold 
nanoparticle-siRNA complex nearby lipid membrane. 
Topological effect of cubic phase on cellular delivery was also investigated. For the first time, sub 
micrometer scale PEGylated cubosomes with siRNA, cuboplexes, were prepared and characterized by 
SAXS and cryo-EM. Due to the large persistence length of siRNA, only primitive cubic phase which has a 
straight water channel could preserve its topology upon siRNA addition. siRNA delivery efficiency was 
tested with luciferase knockdown experiments using Hela and Hela-luc cell lines. As siRNA delivery 
efficiency is limited by endosomal escape process, superior siRNA delivery efficiency of cuboplexes over 
traditional lipoplexes clearly underline the importance of the structure engineering on cellular delivery 
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vehicle. We believe further research on cuboplexes will be practically important, especially for siRNA 
delivery system. 
Based on structural understanding of cubosomes, we proposed a phase trigger delivery system. We aim 
to develop cubosomes that can be transformed into hexosomes upon external stimuli. This novel concept 
will allow practical use of hexosomes with spatiotemporal control which was not possible before due to its 
low stability and nonspecific cytotoxicity caused by its structure. To demonstrate the concept, we 
successfully prepared small gold nanorods (6.0 x 22.0 nm) and hybridized them with bulk cubic phase. The 
hybrid systems with both diamond and primitive cubic phases were tested with CW NIR laser. We found a 
reversible phase transition between cubic and hexagonal phase upon laser irradiation. The SAXS study 
revealed that this system could be triggered multiple times without any significant gold nanorod segregation. 
We are working on hybridization methods of small gold nanorods with monodisperse cubosomes to make 
phase trigger delivery system. 
Individual factors affecting cellular delivery have been explored by many scientists for decades. Through 
the studies described in here, we contribute to the lipid based cellular delivery design by introducing a new 
factor, particle structure. We believe the combination of chemical (surface chemistry, materials choice, etc.) 
and physical (shape, size, structure) factors will open up next generation cellular delivery systems. 
We also want to emphasize our recent finding of super-swelled lyotropic single crystals. The largest unit 
cell we observed was 68 nm, more than 400 % bigger than previously reported lipid based single crystal. 
Our methodology can yield lyotropic cubic phases with various unit cell dimensions by controlling 
chloroform evaporation rate. Through lipid composition modulation, we were able to obtain three different 
phases (diamond, primitive, and gyroid) with exceptionally large unit cell dimensions. The practical use of 
this super-swelled phase was also confirmed by encapsulating 10 nm gold nanoparticles. Further studies on 
this observation will overcome the current limitations of lyotropic cubic phase, especially set by limited 
pore size. It is also fundamentally interesting topic. We are working on single crystal scattering to obtain 
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information on membrane dynamics, which we think one of the critical factor that determine the unit cell 
dimension. 
Based on understanding and knowledge of structured particles obtained from the thesis, we think 
following future works hold a great potential. 
i) Bottom-up fabrication of monodisperse lipid nanoparticles with various structures (multilamellar 
vesicles, hexosomes, spongesomes and so on.) 
ii) Cubosome fabrication from large (200 nm) and monodisperse emulsions through non-fusion 
mediated process  
iii) Membrane fusion study (Förster resonance energy transfer) with liposomes 
iv) Liquid cell TEM for visualizing dynamic fusion events 
v) Stability study in serum media for in vivo delivery 
vi) Cryo-tomography study to understand interface structure of lipid particles, and hard material 
assemblies in the lipid structure 
vii) Phase trigger delivery system with pulsed laser (minimize media heating) 
viii) Membrane dynamics study for super-swelled lyotropic single crystals (thermal diffuse scattering) 
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APPENDIX A. LIPID BASED TRANSIENT DRUG DELIVERY DEVICE 
Lipid-drug complex films are fabricated on top of transient electronic device for wireless, bio resorbable 
drug delivery. Figure A1 shows layout and characteristics of lipid hybrid drug delivery device. Figure A1a 
shows transient heater device layout showing biodegradable components and figure A1c shows schematics 
of lipid-drug complex film. The idea is to use lipid phase transition for modulating drug release. SAXS 
scans of lipids at different temperature shown in figure A1d clearly reveals the lipid composition used in 
this study have liquid ordered and disordered phase at low temperature, but it transform to complete liquid 
disordered phase at around 40-43 oC.   
 
Figure A1. Lipid-transient drug delivery device layout. Lipids used in this study have phase transition between 
40 and 43 oC from liquid ordered and liquid disordered to liquid disordered phase.  
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With combination of transient heater capabilities (e.g. sequential trigger, stacked heater for increased 
drug release profile, etc.), successful demonstration of three types of drug releases are shown in figure A2. 
Since the phase transition is the main mechanism of drug release, almost perfect on/off drug release control 
was possible (figure A2a).  
 
Drug release test in vitro with pig skin was tested (figure A3a and A3b) and device dissolution test reveals 
complete dissociation after a month at physiological condition. (figure A3c). The cancer treatment 
demonstration with doxorubicin was also shown in figure A4. We found successful cancer cell growth 
suppression and death three hours. 
 







Figure A3. In vitro drug release test (pig skin) and device dissolution test. 3 hour trigger shows deep diffusion 




-C.H. Lee*, H. Kim*, D. V Harburg*, Gayoung Park, Yinji Ma et al., Biological lipid membranes for on-
demand, wireless drug delivery from thin, bioresorbable electronic implants NPG Asia Mater 7, 1-9 
(2005)  
*: Equal contribution  
Figure A4. In vitro cancer treatment demonstration. Hela cells are treated for five hours and effective cell 
growth suppression and death are observed. Heating effect on cell death is found negligible. 
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APPENDIX B. POLYPEPTIDE VESICLE STRUCTURAL STUDY FOR 
DRUG DELIVERY 
As a collaboration with Cheng group, we studied assembly structure of polypeptide vesicles with various 
lengths of hydrophilic and hydrophobic domains. We specifically used PEG as a hydrophilic block, and 
helical peptide as a hydrophobic block. The multilayer peptide vesicle schematic is shown in figure B1a. 
Throughout assembly study with cryo-EM, SAXS, and WAXS, we found 1k PEG is short enough to 
maintain interaction between monolayer of peptides in radial direction. 1k PEG is also long enough to 
maintain the hydrophilic layer in assembly structure (figure B1b). 
SAXS and WAXS study on the various length of peptide blockcopolymers are performed and the results 
are shown in figure B2. In SAXS, only sample with 1k PEG length shows broad Bragg peaks indicating 1k 
is the only length that shows multilayer assembly. From full width half 
Figure B1. Schematics of polypeptide vesicles and possible assembly pathway. 1k PEG is found to be the 
optimum length for multilayer peptide vesicle assembly, and assembly pathway depending on hydrophilic block 




maximum of background subtracted these Bragg peaks, it is found the domain size is 32, 42, and 49 nm for 
10, 20, and 40 units of helical peptide samples which well matches with cryo-EM results. WAXS results 
on the other hand reveals lateral ordering of helical peptides (1.4 nm) as well as helical structure itself. 
  
-Z. Song*, H. Kim*, X. Ba, R. Baumgartner, J.S. Lee et al., Polypeptide vesicles with densely packed 
multilayer membranes Soft Mat. 11, 4091-4098 (2015) 
*: Equal contribution  
Figure B2. SAXS/WAXS scans of polypeptide assembly structures. Only 1k PEG shows Bragg peaks 
indicating multilayer structure. WAXS reveals lateral ordering as well as helical structure. 
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APPENDIX C. STRUCTURAL STUDY OF IONIC LIQUID AT VARIOUS 
HUMIDITY 
We studied imidazolium based ionic liquid structure with WAXS. The ionic liquids are transferred to the 
quartz capillary at the glove box, and sealed with epoxy glue. The samples are then scanned in WAXS 
mode. Figure C1 shows WAXS scan summary of [HMIM]EtSO4, [HMIM] Ntf2, and [EMIM]EtSO4. It is 
evident that [HMIM]EtSO4 shows Bragg peaks with highest intensity and narrow peak width. Interestingly, 
under the repetitive nanoconfinement we found [HMIM]EtSO4 can develop phase transition from liquid to 
solid. The solid structure is ordered layer structure, and highest ordering of [HMIM]EtSO4 supports possible 
long range order under repetitive confinement. 
 
In the follow-up study, we found addition of water can eliminate this structural transition in 
[HMIM]EtSO4 under repetitive nanoconfinement. Water form a hydrogen bonding with both cation and 
Figure C1. WAXS scans of imidazolium ionic liquids. [HMIM]EtSO4 showed intense, and sharper Bragg peak 
among different imidazolium studied. We attributed three structure factor peaks into column width, anion-anion 
or cation-cation distance, and cation-anion distance based on the model developed by Hettige et al (J. Phys. Chem. 
B, 2014, 118, 12706–12716) 
101 
 
anion, and that weakens ordering and caused spacing change in the bulk. figure C2 shows WAXS scans of 
[HMIM]EtSO4 equilibrated with various relative humidity. 
 
Compared to nanoconfinement data, the small effects of water on ionic liquid structure caused dramatic 
effects. The humid ionic liquid is not show any structural evolution under repetitive nanoconfinement. The 
structural response under nanoconfinement was similar with other imidazolium ionic liquid that we studied 
in figure C1. 
-L.A. Jurado, H. Kim, A. Arcifa, A. Rossi, C. Leal et al., Irreversible structural change of a dry ionic liquid 
under nanoconfinement Phys. Chem. Chem. Phys. 17, 13613-13624 (2015) 
Figure C2. WAXS scans of [HMIM]EtSO4 at various relative humidity. Increased relative humidity swelles 
column-column distance while distance between ions are not significantly affected. 
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-L.A. Jurado, H. Kim, A. Rossi, A. Arcifa, J.K. Schuh et al., Effect of the environmental humidity on the 




APPENDIX D. LIPID STABILIZED SMALL TRIANGLE GOLD 
NANOPARTICLE SYNTHESIS 
To develop a gold nanoparticle hybrid cubosome system, we synthesized gold nanoparticles stabilized 
by several different lipids. As surfactant shows detrimental effects on lipid structures (through curvature 
modulations), this approach is promising for encapsulating large nanoparticles with minimum destructuring 
effects. First, we synthesized gold nanoparticle with DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine). 
With phase transfer method, we obtained about 10 nm spherical gold nanoparticles as shown in figure D1. 
 
On the other hand, when charged lipid, DOTAP, used instead of neutral DPPC, we found more than 60 % 
small gold triangles as shown in figure D2. As far as we know, this is the smallest stable gold nanotriangles 
with edge length of 13 nm on average. It is stable and not grow or change its shape upon room temperature 
storage for more than a week. These nanotriangles are perfect to be hybridized with lamellar phase lipid 
Figure D1. DPPC stabilized gold nanospheres. About 10 nm spherical gold nanoparticles are synthesized using 




structure as it has wide 2D open water channels. Further study can reveal detailed mechanism and it can be 
potentially utilized to develop optically active delivery system. 
 
We modified phase transfer method introduced by Chatterjee et al., in 2007. Briefly, 0.8564mg of DOTAP 
is prepared in 20 ml glass vial and dissolved in 2 ml of toluene. After 30 minutes stirring, 1 mg/ml of 
KAuCl4 solution is added in 0.17 ml/min speed under vigorous stirring. Right after, 10 mg/ml Sodium 
Citrate solution is added in same speed at 500 rpm. For more than 8 hours, the resultant solution is 
vigorously stirred and the violet-pink colored toluene solution is extracted from water phase and stored at 
-20 oC. 
  
Figure D2. DOTAP stabilized gold nanotriangles. About 15 nm small gold nanotriangles are synthesized using 




APPENDIX E. EWALD CONSTRUCTION FOR SUPER-SWELLED 
LYOTROPIC SINGLE CRYSTALS 
Ewald construction offers convenient geometrical insight on crystal geometry, and connects real and 
reciprocal space with simple geometrical construction. We utilized our single crystal data discussed in 
chapter 5 to understand its crystal orientation with regards to x-ray and the rotation axis. 
 
 
The radius of the Ewald sphere is r = λ-1 where λ is the wavelength of the X-ray radiation. For a 14 keV 
X-ray source, Ephoton = 14 keV. Accordingly, λ = hc/E = 0.8856 Å  and r = 1.13 Å -1. The reciprocal lattice 
vector, a* = 2π/a = 2×3.14/414[Å ] = 0.0152 Å -1. As r >> a*, the Ewald sphere is effectively a flat plane up 
to 6a* in reciprocal space as shown in figure E2. 














This allows us to find the direction of incoming photons, k0, by plotting the scattering planes in the 
reciprocal space. For example, let us consider the following scattering image in figure E3 to find direction 
of k0. 
 
We can assign the plane family of each Bragg peak from the integrated I vs q graph. By simulating the 
diffraction points at different orientations of the single crystal, we can index the Bragg peaks more 
accurately. With the indexed diffraction patterns, one can plot the scattered planes in the reciprocal space. 
Figure E2. Schematics of Ewald construction showing effectively flat plane of sphere with respect to 
reciprocal lattice of single crystal. 
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By selecting two random vectors from the surface of the green dots, say u and v, the normal vector of the 
surface can be obtained by the cross product (u  v). In this case, this is parallel to the [1 -1 0] direction. As 
the Ewald sphere is large enough, this normal vector to the plane is approximately the direction of the 
incoming beam, k0. 
As the incoming beam direction is known, the rotational axis of the capillary can be obtained by 
considering incoming beam directions for two different data points. For example, figure E5 shows 
scattering image and its 45 o rotated image. These two images are obtained by rotating 45 o along the long 
axis of the capillary. The incoming beam directions are [1 -1 0] and [1 1 2]. Based on the geometry of our 
experimental setup shown below, the cross product of these two vectors is the rotational axis which is [-2 -
2 2] parallel to [-1 -1 1]. 
Figure E4. Reciprocal space of single crystal. Possible scattering planes and scattered planes are marked in blue 





This construction can be also confirmed through a 3D Ewald sphere construction. For example, consider 
the figure E7. 
 
Figure E5. Scattering images at different rotation.  






Figure E7. Ewald construction for finding incoming beam direction. Simulated scattering from [1 -1 0] 
incoming beam (left), 2D projection view (middle) and real scattering data (right) shows complete match indicating 




The fact that (-1 -1 1) and (1 1 -1) planes are observed at every rotation angle indicates that the rotation 













Vertical SAXS scans show a maximum of 0.6 mm in size while horizontal scans show a 1.5 mm size of 
single crystal. We also rotated the sample, and found there is no more than one crystal in the position of the 






Figure F1. (Cont.) Single crystal scatterings. Small Angle X-ray Scattering (SAXS) scans of 
GMO/DOTAP/GMOPEG (97.5/1.5/1, 0.1 M) at different spatial locations showing single crystal diffraction 
patterns. (a) Vertical (200 µm step) and (b) horizontal (300 µm step) SAXS scans. (c) Rotational 2D SAXS 
diffraction patterns of the bicontinuous diamond cubic phase at 45 degree steps. (-1 -1 1) and (1 1 -1) planes are 
observed at vertical directions regardless of rotations indicating that the rotation axis is parallel to [1 1 -1]. The 
beam size was about 300 µm x 20 µm (H x V). Spatial SAXS scans reveal that the single crystal dimension is ~1 
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Figure G1. Bulk cubic phase cryo-EM images. (a) Regular spacing bicontinuous diamond cubic phase aligned 
in the (100) and the (111) plane displaying atomic solid like ordering (b) Super-swelled bicontinuous diamond 
cubic phase aligned in the (110) and the (100) planes. (c) beam damage of super-swelled bicontinuous cubics at 
0.1 sec exposure time steps. 
texposure = 0.1sec texposure = 0.2sec texposure = 0.3sec texposure = 0.4sec 
